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SEMICONDUCTOR DIODES AND TRANSISTORS 
VOLUME 7 

REFERENCE TO VOLUMES 4 and 5 

This volume is about some approaches to circuit analysis of transistorized amplifier 
and switching configurations. It is designed as a reference volume for Volumes 4 
and 5 of the Semiconductor Diodes and Transistors Programed Instruction Series. It 
covers the application of basic analysis approaches to transistor configurations 
and circuits. It deals with the substitution of equivalent circuits for semicon- 
ductor devices in order to solve for gains, impedance levels, and the prediction 
of the operation of the transistors when placed in a specific configuration. It 
also covers some useful and time-saving approximations that allow prediction of the 
approximate characteristics of semiconductor devices in amplifier and switching 
configurations when exactness is not a prerequisite. 

PREREQUISITES : 

This volume assumes the reader's completion of Semiconductor Diodes and Transistors, 
Volume 6, or Volumes 1, 2, and 3, or their equivalent. It further assumes the 
learner's knowledge and ability to apply to the solution of problems: basic vol- 

tage and current divider theory, Kirchhoff's voltage and current laws, Thevenin's 
Theorem, Norton's Theorem, Mi liman's Theorem, and an equivalent circuit approach 
to circuit analysis. If the reader does not have this background, some outside 
study is indicated before starting this volume. 

OBJECTIVES: 



Since specific educational objectives are difficult to specify and measure with a 
text-type publication, specific educational objectives will be neglected for this 
volume. Specific measurable objectives are possible with programed instruction, 
and Volumes 4 and 5 of this series have specific objectives listed. Volumes 4 and 
5 contain much the same information as this text in a programed instruction approach. 
This volume is primarily designed as a reference and supplement for Volumes 4 and 
5 of the programed instruction series. 
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The broad objective of this program is to provide the learner with convenient re- 
ference material for Volumes 4 and 5 of the programed instruction series. This book 
is complete in itself, however, and can be used without Volumes 4 and 5. There- 
fore, they are not listed as prerequisites. 



SECTION ONE 



The preceding volumes have more or less concentrated on the diode and transistor 
as a device. This volume deals with the diode and the transistor as a circuit com- 
ponent. This volume deals with the analysis of circuit configurations which contain 
diodes and transistors. Approaches are covered for the prediction of gains, im- 
pedances, and quiescent d-c levels of semiconductors in circuit configurations. 

Some circuit analysis has already been discussed. The sections in previous volumes 
that dealt with load lines on the characteristic curves of a transistor were dealing 
with circuit analysis. Graphical circuit analysis is one approach to solving a 
transistor or diode circuit configuration. There are many other approaches which 
will be discussed in this volume, along with the continuance of the graphical 
analysis. Signal or a-c load lines will be discussed along with the insertion of a 
model or equivalent circuit to represent the semiconductor device in a configuration. 

Table 8 in Volume 6 is an example of representing the transistor with a model. In 
Table 8 in Volume 6, the model was an attempt to relate the physical attributes of 
the device to electrical characteristics. 

The symbol used for the transistor is one form of model. The lines and so forth in 
the symbol for the transistor indicate the emitter, base, and collector of the 
transistor and also indicate the type of transistor. This simple model in most 
cases does not give sufficient information on the transistor to make predictions as 
to its operation in the circuit. It does indicate the type (NPN, PNP) of transistor 
and its orientation in the circuit. 

This simple model must be replaced with a more complex model if this will facilitate 
the analysis of the transistor configuration. The more complex models should give 
information that will allow the use of the basic electrical laws and theorems 
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in the solution of the semiconductor configuration. If the basic laws and theorems 
are limited to linear (current and voltage have a direct relationship) configurations, 
the non-linear transistor or diode configuration may require that incremental mea- 
surements are made to obtain parameters for the model. This will keep the measure- 
ments as linear as possible so that the basic laws and theorems can be used. 

One of the most important factors when approaching the analysis of semiconductor 
circuit configurations is to remember that the basic theorems and laws can still be 
used. Persons first approaching semiconductor configurations for analysis are some- 
times overwhelmed by the fact that semiconductors are in the circuit and forget that 
all of the basic laws have not been repealed. Ohm's Law, Kirchhoff's Law, Thevenin's 
Theorem, Norton's Theorem, Mi liman's Theorem may all be applied to the semiconductor 
configuration as well as to the vacuum tube circuit and the circuit configuration 
that does not contain active components. If this is kept in mind, analysis of a 
semiconductor configuration is greatly simplified. 



SEMICONDUCTOR MODELS: 



It is often convenient for analysis to substitute a model or equivalent circuit for 
the transistor or semiconductor device. One should not let the multitude of models 
or equivalent circuits put forth by authors on semiconductor circuits overwhelm 
him. The model should simplify or facilitate the analysis of a semiconductor con- 
figuration and, if it does not, should be avoided. A person attempting to use an 
equivalent circuit or a model for the transistor should thoroughly understand what 
the model is representing and not allow the model to be a confusion factor. On 
first investigating the analysis of semiconductor configurations, one might en- 
counter the hybrid equivalent circuit, the T equivalent circuit, the lumped diffus- 
ion model, and Ebers-Mol 1 models, and become thoroughly confused and overwhelmed 
by the multitude of information they feel they must absorb. It is the opinion of 
this writer that if the model does not simplify or facilitate the analysis of the 
semiconductor configuration, it should not be used. One should select the model 
or equivalent circuit that simplifies the analysis approach for the individual . 

In many cases, substituting a model for the semiconductor device will not be 
necessary once the analysis approach is understood. Approximate approaches to 




4 



analysis will be sufficient for the particular analysis encountered. Many tech- 
nicians find that once the exact approaches to analysis are understood, they can 
accept the approximate approaches and use them to facilitate their work with senri- 
conductor configurations. 

This volume will deal with many approaches to analysis of semiconductor amplifier and 
switching configurations. It will then deal with approximate approaches that may be 
used when exactness is not a prerequisite. It should be remembered that these are 
not given as the way to approach a semiconductor circuit, but simply £j way to 
approach the circuit. Several approaches will be covered to give the reader a 
selection of approaches from which he can select that approach which to him seems 
to facilitate the analysis of the configuration. This volume will also stress the 
use of the basic theorems and laws and applying them to transistor and diode con- 
figurations . 

As an example to illustrate the use of the basic laws and theorems with semicon- 
ductor circuits, consider the configurations in Figure 1. Figure 1 is circuitry in 
a power supply in a Tektronix oscilloscope. Notice the use of silicon rectifiers 
in a bridge-type configuration (D642 and D612 A, B, C, D) and of transistors being 
used in essentially a single-ended power amplifier configuration for regulation 
purposes. Without any information on the parameters or characteristics of the 
transistors, we will attempt to find out a few things about the circuitry. Our only 
model will be the transistor symbol as shown in the schematic diagram in Figure 1. 

First of all, the a-c input voltage applied to the primary of the transformer is 
stepped to the desired secondary level and applied to the bridge rectifier circuits 
made up of D642 and D612 A, B, C, and D. At the output points of the bridge recti- 
fiers, there is pulsating d-c and the pulsations are partially filtered by C642 and 
C612. The output voltage is regulated by the transistor configuration. The upper 
diagram in Figure 1 is a -15v supply, and the lower diagram is a -75v supply. To 
gain some insight on the circuit in Figure 1, we might find any convenient starting 
point. Knowing nothing about the transistors, let's first look at the upper dia- 
gram and note that the emitter of Q 667 is at ground potential. You may recall from 
the earlier volumes that the voltage across the emitter base of the transistor 
(assuming the transistor is on) is only a few tenths of a volt; therefore, the base 
of Q 667 must be very near ground. This means the emitter of Q663 is also very near 
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ground. If we disregard the voltage across the emitter base junction of the tran- 
sistors, we can say that the emitter of Q663 is essentially at ground potential. 

It is a simple matter to calculate the current through R664 if this is the case. 
There will be 75v dropped across 22k, the value of R664. Therefore, the current 
will be approximately 3.4ma. If we disregard any base current in Q663 and assume 
that the full 3.4ma is flowing in the collector circuit, we can find the voltage 
drop across the resistance in the collector circuit of Q663 . This is found by 
taking the product of 270ft and 3.4ma, or approximately 0.92v. Since the collector 
of Q663 is returned to + 15 v and slightly less than a volt is dropped across the re- 
sistor in the collector circuit, we would find approximately l4.lv at the collector 
of the transistor. Since we have already assumed that the emitter is essentially 
at ground, we would expect approximately l4v of collector to emitter voltage on 
Q663. Once again assuming that the emitter is very close to the base (voltage-wise) 
and assuming that the transistors are conducting, the base of Q663 must be very 
close to ground. If this is the case, the emitter of Q653 is also very close to 
ground. We might calculate the current through R653 using Ohm's Law. If the 
emitter of Q653 is very near ground, then R653 must drop approximately 75v. 75v 
divided by 68kft is approximately l.lma of current. If we assume all of this current 
is flowing in the collector circuit of Q653 , we might assume that the base of Q653 
is at ground or very near ground, and this will indicate that the collector of 0644 
and 0659 are also very near ground. With this assumption, resistor R644 must drop 
approximately lOOv and, therefore, the current through R644 must be approximately 
0.45ma. With the emitter of 0644 returned directly to the -I5v supply, one might 
expect the base to' be very near -15v. This requires a drop across R669 of 
approximately 1 1 5v , which requires the current in R669 of approximately lma. We 
have already established that only 0.4ma is flowing in the collector resistor, so 
we certainly wouldn't expect the base of the transistor to be supplying lma. This 
indicates that D 669 must be in conduction and supplying most of the current for 
R 669 . If we disregard any base current in Q644, we can assume that D 669 is supply- 
ing all the current for R 669 . With these assumptions, the right-hand side D 669 
must be very near -15v (the right-hand side of D 669 will be more negative by the 
voltage drop across D 669 ) . 

Let's stop and reflect on this for a moment. Without knowing about the transistors 
at all, other than the basic theory that we have previously discussed in other 
volumes, we are able to make an approximate analysis of the circuit configuration 
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in the top diagram in Figure 1. Notice that we use nothing more than basic laws 
and theorems that we should be familiar with and the assumptions that the emitter 
follows the base of the transistor when it is in conduction. From this very 
approximate analysis, we might make voltage and/or resistance measurements in the 
semiconductor configuration in the top diagram in Figure 1 and expect to isolate a 
faulty component or transistor. If we had available the characteristics of the 
transistors in the configuration in Figure 1, we might do a quantitative analysis 
using Thevenin's Theorem and the characteristics of the transistors. 

Note : If our desired results do not require a quantitative analysis, it seems 

ridiculous to go to the trouble of making a quantitative analysis. If we simply 
approximate voltage levels so that we know when we have an abnormal meter reading 
when making measurements, a qual i tat ive analysis should be sufficient. If, for 
instance, we were not able to adjust the negative 15v supply with the variable 
resistor, R66l , we might anticipate a faulty component in the configuration. If 
this were the case, we would want to be able to make measurements and know when the 
measurements were valid. We should try and keep the approach as simple as possible 
while gaining the regu i red information . 

Before going on, stop and do your own simple analysis of the lower diagram in 
Figure 1. Try and establish some of the current and the voltage levels throughout 
the circuit. Pick a convenient starting point where you know the voltage level or 
current level and work from there. Do your own analysis before reading the follow- 
i ng : 

Starting with the emitter of Q.637 in the lower diagram in Figure 1, we see that it 
is returned to ground potential. Assuming very little drop across the emitter-base 
junction, the base of Q637 and therefore, the emitter of Q633 , the base of Q633, 
the emitter of Q.623, the base of Q623, and finally the collector of Q.614A should 
all be very close to ground potential. (We have assumed very little drop across 
the emitter-base junctions of the transistors.) Even assuming a drop of a volt 
across the other three transistors, this would still leave nearly lOOv to be 
dropped across R6l4 in the collector of Q614A. This requires Q614A to conduct 
about 0.45ma of current, neglecting any base current from Q623. Notice that the 
base of Q.614A is returned to ground through a 9v Zener diode. Recalling zener 
diode theory, electron current flows with the arrow in the zener diode symbol and 
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the voltage across the zener diode is more negative at the end connected to the base 
of Q614A. This means that the base of Q614A is approximately negative 9v with 
respect to ground. This -9v is established by the drop across the zener diode. 

Since we have assumed that Q6l4 must supply the current for R614, it is also safe 
to assume that Q.6 1 4 is in conduction and therefore, its emitter should be very 
close to -9v. Since the emitter of Q.614 is returned through R612 to a negative 75v, 
this requires that R612 drop approximately 66v. This means that R612 is conducting 
slightly less than lma of current and Q614A only requires approximately 0.45ma of 
current. Therefore, Q614B must be carrying the remainder of the lma. The base of 
Q.6I4B is returned to a variable resistor which must establish the base very near 
-9v (the emitter is returned to -9v established by the zener diode in Q614A, there- 
fore, the base of Q6I4B must also be returned to very near -9v) . Varying the vol- 
tage on the base of Q.614B will vary the current carried by Q614B and, as a conse- 
quence, Q614A, and vary the reference voltage that established the negative 75v out- 
put. Notice once again in dealing with the lower diagram in Figure 1, knowing very 
little about the transistors other than the basic theory and the theory associated 
with zener diodes, we have been able to establish approximate levels throughout the 
transistor configuration and could very possibly isolate a faulty component if the 
supply were not functioning properly. 

Let's briefly cover the theory of operation of the supply in the lower diagram in 
Figure 1. Q.614A and B operate as a d-c comparator type configuration. The base of 

Q614A is established at -9v with respect to ground by the zener diode. The right- 
hand base is adjusted to vary the current in Q614A and, therefore, the voltage at 
the collector of Q.614A. The voltage at the collector of Q614A establishes the vol- 
tage at the base of Q623, which establishes the voltage at the base of Q633, which 
establishes the level at the base of Q637, which of course establishes the current in 
Q637 and the resistance of Q.637. The voltage drop across Q637 and any other series 
resistance in the circuit configuration must of necessity be 75v less than the total 
applied voltage. Q637 is the series regulator in the configuration. A change in the 
negative 75v supply is applied to the base of Q.6 1 4 , which is an error signal applied 
to the amplifier loop. Assume that the negative 75v tried to become more negative. 
This results in the base of Q.614B becoming more negative and this reduces the forward 
bias on Q.614B. This requires Q.614A to conduct more current, which results in the 
collector of Q614A moving farther from the positive lOOv supply, or in the negative 
direction. A negative change applied to the base of Q623 results in a negative 
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going change at its emitter. This change is applied to the base of Q633, which 
results in a negative going change at its emitter. This negative going change is 
applied to the base of 0637, reducing the forward bias on 0637, increasing its re- 
sistance. Increasing the resistance of 0637 results in more voltage across Q637, 
which brings the negative 75v supply down to its normal level. Just the opposite, 
of course, occurs when the negative 75v tries to change in the opposite polarity 
d i rect i on . 

The foregoing example had two objectives: (1) To bring out the point that the 

basic laws and theorems still apply to a semiconductor type configuration, and 
(2) To introduce the reader to approximate analysis approaches to semiconductor 
amplifier configurations. 

Let's continue approximating some d-c levels with the circuit configuration in 
Figure 2. This type of circuitry is referred to as hybrid circuitry, since it uses 
both vacuum tubes and transistors. The input circuitry is a cathode follower and 
the grid is returned to ground through two 1 meg resistors. Assuming that the in- 
put cathode follower V113A is in conduction, we would expect to find the cathode 
very near ground (positive by the bias on the tube). This requires that V113A con- 
duct approximately 3ma of current (V113A is handling the current through R 1 1 6 , 
which must drop approximately 12v). Dividing the 1 2v by 3.9KA gives an approximate 
current of 3ma. The 3ma flowing through RI14 in the plate circuit of the cathode 
follower would only drop about 0.6v and, therefore, the plate voltage is very near 
125v. Assuming the cathode of V1I3A is near ground potential, the base of 0134 is 
near d-c ground potential. Carrying this a bit further, the emitter of 0134 will 
be very near ground. With two diodes back to back in the base of 0134, we can 
make an assumption that the signal applied to Q134 is going to be small in magni- 
tude. It will require that the signal be smaller than the turn-on voltage of 
these two diodes, or the signal will be clipped. Disregarding the circuitry connect- 
ing the emitters of 0.134 and 0144 together, notice that 0134 has its emitter re- 
turned through R 1 35 and R 1 3 6 to a +125v supply. If we assume that 0134 and 0144 
in Figure 2 are both in conduction and their emitters are very near ground, we can 
determine the current carried by the two transistors. Each transistor will be 
assumed to carry half the current in R136. If this is the case, we will essentially 
have the two currents flowing through 5Kft, which is parallel resistance of R 1 35 and 
R 1 45 . In other words, we can take the parallel resistance of R 1 35 and R 1 45 in 
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series with the resistance of R 1 36 and determine the current carried by the two 
transistors. This is assuming both emitters are near ground d-c potential. This 
requires that approximately 125v is dropped across a series resistance of 13.2k ft 
(the parallel resistance of R1 35 and R 1 45 in series with R136), or slightly less 
than 1 Oma of current. Each transistor then is essentially conducting slightly less 
than 5ma of current. 



The d-c balance control R 1 1 9 is adjusted so that no d-c current flows through the 
resistors between the emitters of 0.134 and 0144. This allows us to make the 
assumption that both emitters are at the same potential and, therefore, we can 
parallel R 1 35 and R 1 45 to estimate the current carried by the transistors. If we 
assume that all this current flows in the collectors of the transistors (disregard 
base current), we would find lOma flowing through R 1 43 . The product of lOma and 
82(X2 gives a voltage drop across R 1 43 of 8.2v. Subtracting this from the supply 
voltage of 12. 2v, we find essentially a 4v supply for the two transistors. 

Notice that if a trouble were apparent in the circuit configuration as shown, the 
assumptions that we have made would allow us to make some voltage measurements 
and possibly isolate the faulty component without having to have detailed infor- 
mation on the transistors or the vacuum tubes in the circuit. 



Let's apply Thevenin's Theorem to the grid circuit of V113B in Figure 2. Break the 
circuit between R 1 2 1 and R 1 23 and solve for the Thevenin equivalent circuit to the 
left of and including R121. This is illustrated in Figure 3. Assuming R 1 1 9 to be 
at design center ( 250 kft between the moveable arm and either end of the potentiometer), 
we essentially have the second circuit as Shown in Figure 3. Applying Thevenin's 
Theorem in solving for an equivalent, we find we have a 12. 5v d-c source with an 
internal resistance of 1 . 1 25megft supplying the 4.7k resistor in the grid circuit of 
V113B. Applying basic voltage divider theory, we might solve for the voltage at 
the grid of V113B with potentiometer R 1 1 9 at design center by simply saying: 

4 7k 

^ y k + ‘j — j- ^meg x *^.5v = the voltage at the grid of V113B. 



This slips out to be about +.004l5mv; therefore, at the design center of potentio- 
meter R 1 1 9 we can expect to find the grid of V113B very near ground potential. 

This should be the case, since the grid of V 1 1 3A is very near ground potential 
and R 1 1 9 should allow small differences in the two sides of this amplifier con- 




13 



figuration to be adjusted out. If this is not the case, varying components between 
the emitters of Q. 1 34 and Q144 will result in changes in the d-c levels in the amp- 
lifier. This is undesirable and will be discussed later; however, it does give us 
a rationale for the d-c balance control. We will also discuss some other purposes 
of the diodes D 1 30 , 0131, and 0140 later in this volume. 

Once again, the foregoing examples have been included to review the use of the 
basic laws and theorems when semiconductors are in the circuit configuration. The 
0134 and Q144 circuitry in Figure 2 is an emitter coupled paraphase amplifier and 
an analogy can be drawn between this circuitry and the cathode coupled paraphase 
amplifier as outlined in Typical Oscilloscope Circuitry . Em it ter- coup led paraphase 
amplifiers will be discussed later in this volume. Approaches to calculating the 
gains and impedance levels of the transistors will also be discussed. 

TRANSISTOR AMPLIFIER MODELS : 

Basic circuit analysis approaches are limited to linear networks; however, the 
transistor's input circuit has a non-linear relationship between current and vol- 
tage. To use the basic laws and theorems in an a-c analysis of a transistor con- 
figuration, the parameters must be derived from incremental measurements so that 
the network can be considered essentially linear in the area of interest. These 
parameters are limited to use with small signals once they are measured; small 
signal being that magnitude of signal that does not result in a significant change 
in the parameters over the full swing of the signal. Since the current is not at 
all times proportional to the voltage in the input circuit of a transistor, it is 
termed non-linear. Figure 4 shows the plot of emitter base voltage versus emitter- 
base current. 

[ 

r 
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Since the current in a diode is related exponentially to the applied voltage, a 
plot of current versus voltage shows an exponential curve. 

If a small segment of the transistor's input El characteristic is selected, it will 
approach linearity. The current will be nearly proportional to the voltage in a 
small selected segment of the curve in Figure 4. When a small portion of the 
transistor's input characteristic is selected and measurements made that are approxi- 
mately linear, parameters can be formulated and the basic theorems used in analysis. 
It should be clear, however, that any signals dealt with using these parameters 
must be small in magnitude. When incremental measurements are made to derive para- 
meters, the parameters will be referred to as small signal parameters. Any model 
in which small signal parameters are used will be referred to as a small signal 
model or equivalent circuit. 

When small signal parameters are derived by making incremental measurements, the 
parameters can be considered essentially linear and the basic theorems can be used in 
analysis. We might formulate small signal to mean such a magnitude of signal that 
will not result in the parameters of the transistor changing significantly over the 
swing of the input signal. 

A signal of sufficient magnitude to result in the parameters changing at different 
points in the cycle is termed large signal. Of course, it is very difficult to 
obtain linear parameters when dealing with large signals. The parameters will 
change at different points in the input cycle when large signals are applied. 

Small signals, however, do not cause significant change in the parameters over the 
full swing of the signal. 

In review, small signals are those signals whose magnitudes are such that no sig- 
nificant change in the parameters occurs over the full swing of the input signal, 
and large signals are those signals that do change the parameters over the full 
swing of the input signal. Small-signal parameters are derived by making incremen- 
tal or very small measurements on the non-linear transistor characteristics. 

As an example of a small signal parameter, the measurements made in Figure 5 wi 1 1 
give the small signal resistance of a diode. Since the current is related exponen- 
tially to the applied voltage, making incremental measurements at different points 
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on the curve in Figure 5 will give different values of small signal resistance. 
The small signal resistance of a diode is that dynamic resistance that the diode 
exhibits at one particular point of its character i st i cs .. 




FIGURE 5 

An ideal germanium diode has an El curve that follows an exponential from the 
saturation current of the diode to infinity (this is in Volume 6). The small 
signal resistance of a diode can be found from the approximate expression 

(small signal) ql 

where K = Boltzman's constant, T = Temperature, q = charge on an electron, and 
I = diode d-c current. — at^27°C is approximately 26mv for an ideal germanium 
diode. In this case, if the d-c diode current is lma, the small signal resistance 

is « 26ft at room temperature. If the diode's d-c current is 5ma, the diode's 

lma 

dynamic resistance at 27°C is about 5.2fi. 

The expression is valid for most germanium diodes and silicon diodes. Since it 

is an approximation, we can assume that it will be valid for all types of diodes. 

We should now recall that the input circuit of a transistor is a diode. The doping 

levels have been varied for transistor action, but the emitter-base junction is 

still a diode. The dynamic resistance of the emitter-base junction, as seen from 

the emitter, can be found by the approximate expression, p w iSL_ 

e ql E 

where K = Boltzman's constant, T = Temperature, q = charge of an electron, » E = 

d-c emitter current. Recalling that ^ at 27° is about 26mv, we can derive the 

approximate expression This will give the value of the dynamic resistance 

E 

of the emitter-base junction as seen from the emitter at 27°C. This dynamic re- 
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sistance Is given the symbol r q . With this in mind, any transistor, whether it is 
germanium or silicon, can have its dynamic emitter-base junction resistance as seen 

A/ 

from the emitter found from the simple expression — . Since emitter currents are 

1 E 

usually expressed in milliamps, the expression can be reduced to r « — — — 

e I r, X 
E(ma) 

This gives an approximate expression for dynamic emitter resistance of any transis- 
tor. Later in this volume, we will develop exact methods for determining the 
dynamic resistances involved; however, we will find that we fall back to the 
approximate expression in a great many applications. It is easy to see, however, 
that r g certainly varies as the point of operation on the diode characteristic 
changes. Notice that the change in r^ varies inversely as the emitter current. 

In other words, if the emitter current is doubled, the dynamic resistance of the 
diode is approximately halved. It should be noted at this time that we used I 

the emitter current, in the approximate formulation. Therefore, r is the small- 

e 

signal or dynamic resistance that we would see at the emitter terminal of the tran- 
sistor. 

The current in the base lead is a small portion of that current flowing in the 

emitter lead. The current in the emitter lead is approximately the product of 

(fi+ 1) and the current in the base lead. Therefore, we would expect to see a higher 

dynamic resistance at the base lead than at the emitter lead. The current in the 

base lead is magnified by a factor of 0 + 1 at the emitter terminal. The dynamic 

resistance seen at the base terminal of the transistor is magnified by approximately 

0+ 1 times the impedance seen at the emitter terminal. Approximating the resistance 

seen at the base terminal of a transistor (base to emitter), we can simply take the 

product r e x ( 0 + 1 ) . We now have two approximate expressions for determining the 

dynamic resistance seen at the terminals of the transistor. At the base terminal, 

r e x (0 + >); at the emitter terminal, r<s - = - 26 . There is also 

E E E(ma) 

some added base bulk resistance which will be discussed later. 

If the value of r g is stated for a transistor, the temperature and the emitter 
current at which r e was measured must be stated. These discussion points should 
have indicated that the background we* have gained in basic diodes can now be applied 
to our study of transistors and transistor amplifier configurations. 
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MODELS: 



Early in this volume, it was stated that the simplest model would be used that 
will facilitate the particular job that it is desired to do. Figure 6 shows some 
typical models that we use quite often in electronics work — the resistor, capa- 
citor, and the inductor. 



AAA r 






II 

FIGURE 6 

We tend to accept these models at face value at times, forgetting that there are 
times and instances when this simple model becomes useless and a more complex model 
is required. Take the resistor as an example. At d-c, representing a simple re- 
sistance might be valid. Let's take another extreme, however, and suppose that the 
resistor was being used at 2 gigacycles. Attempting to use a resistor at 2 giga- 
cycles would force taking into account the end to end capacity, the radial capacity 
the body to the chassis capacity, etc. The model of our resistor might look more 
like the model shown in Figure 7. 




The same, of course, can be said of the other models in Figure 6. Each component 
for which the schematic synbol is shown in Figure 6 exhibits all of the character 
istics of the other two as well. In other words, the resistor has inductance and 
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capacitance; the capacitor has resistance and inductance; and the inductor has re- 
sistance and capacitance. At certain frequencies, the simple model in Figure 6 is 

no longer applicable and a more complicated model must be constructed for analysis 
purposes. 



When dealing with semiconductor devices, it is best to keep in mind that complicated 
parameters and models are nothing more than tools to an end. They are nothing more 
than a kit of tools to aid in the analysis of a semiconductor circuit. The basic 
electrical laws and theorems are just as valid in solid state circuitry as they 
are in the familiar vacuum tube and passive circuitry. You will note that we 

called for the ability to apply the basic theorems in the prerequisites for this 
volume. 



The particular model selected for use in analysis of a transistor configuration 
will vary for a number of reasons. The particular application of the amplifier, 
the frequency of operation, the point of operation, whether small signals or 
large signals are applied, and even the personal preference of the man doing the 
analysis or design. All of the models, equivalent circuits, etc., that we will 
discuss in this volume are valid and applicable. They can be used for the parti- 
cular purpose for which they are designed. Which one you use is up to you. If 
it will do the job at the particular point of operation and frequency of interest, 
by all means use it. If it doesn't do the job or it is unwiedly, by all means 
seek a different approach. The equivalent circuits and approaches outlined in 
this publication are some approaches and definitely not meant to be an end. 

Further, you will probably find that once you have covered the exact analysis 
approach, that an approximate analysis will serve you well in a great number of 
cases and the exact analysis is no longer necessary. It is very difficult, how- 
ever, to put forth approximate analysis approaches without first having dealt with 
the exact analysis. Not difficult for the mah putting forth the approaches, but 
for acceptance by the learner. 

In summary then, the parameters and equivalent circuits with which we will be 
dealing in analysis of the configurations in this volume are nothing more than 
tools to allow us to analyze and make predictions in transistor circuitry. We will 
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to 



deal with several types of models and several approaches; however, they are all a 
means to the same end. They are all valid for the particular purpose they were 
intended and personal preference might play a big role in which of the approaches 
is used. It is suggested that particular attention be paid to the approximate 
approaches . 



Ill I VALENT CIRCUIT: 



One of the first models that was formulated for analysis of a transistor configur- 
ation was the T equ. valent circuit. The parameter r , which was discussed earlier 

e * 

is used in the T equivalent circuit. The^model of the T equivalent circuit is one 
that closely resembles the physical transistor. We should keep in mind that the 
particular parameters ai.d the equivalent circuits that we are going to use will be 
governed by the applications to which the transistor is being put. For instance, 
for analysis of a low level audio amplifier, a low frequency small signal T 
equivalent circuit and parameters might be used. For d-c considerations, of 
course, we would want to use d-c parameters. 




FIGURE 8 

Figure 8 shows a diagram of the T equivalent circuit for a connon-base-or i ented 

transistor. The parameters are designated with lower case letters to indicate 

that they are small signal a-c parameters. We are already at least a little bit 

familiar with r e> which is the internal small signal resistance at the emitter. 

Since the emitter is heavily doped, the emitter has a low bulk resistance, r is 
• ■ e 
primarily the small signal dynamic resistance at the emitter. r fa in Figure 8 is 

primarily representing the bulk resistance in the base between the active areas 

and the base terminal. The base has a fairly high bulk resistance, because it is 
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lightly doped in comparison with the emitter. Since the collector is also heavily 
doped, it has a low bulk resistance; however, the junction is reversed biased and, 
if it were in an ideal diode, would have infinite resistance. r Q in the diagram 
in Figure 8 represents the small signal resistance of the collector, since the 
collector diode is not ideal. 

The transistor in Figure 8 is an amplifier, and an internal generator is used to 
represent the amplifier action. An internal voltage generator can be used as 
shown in Figure 9. 

r i 
m e 




FIGURE 9 

The value of the voltage generator is the product of the mutual resistance and the 

small signal emitter current. Mutual resistance is equal to the product of alpha 

and r and represents the effective resistance across which the small signal 
c 

emitter current will develop a voltage in the output circuit. Of course, the same 
generator can be shown as it is in Figure 8 by omitting r^ and designating the 
generator as the product of the small signal current gain parameter, alpha and i g . 
The three equivalent circuits shown in Figures 8, 9, and 10 are identical. 




FIGURE 10 
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Of course, when the current generator is used, it is shunted by the resistance r^, 
as shown in Figure 8. The value of the generator is that portion of the small 
signal emitter current that is in the collector, and in terms of alpha, the gener- 
ator current equals a ' e * If the current generator a i^ in Figure 8 were a perfect 
current generator, res i stance. would be infinite. Since r c has a finite value, 
it represents the imperfections of the current generator. The most common internal 
generator used in the T equivalent circuit is the internal generator as a constant 
current source of a i g (for common base configuration), as shown in Figure 8. 

Since the parameters used in the T equivalent circuit are essentially linear, the 
basic theorems can be used in analysis. The basic theorems can be used to solve 
for input resistance, output resistance, current gain, and voltage gain in terms 
of the T parameters and any external components in the circuit. This can be done 
by writing equations for the currents and voltages involved. The equivalent circuit 
in Figures 8, 9 , and 10 was designated a low frequency, small signal T equivalent 
circuit and, therefore, neglects reactances and those characteristics that effect 
the higher frequencies. A different equivalent circuit would have to be con- 
structed for dealing with higher frequencies. 

We should also keep in mind that the small signal equivalent circuit is not valid 
if the input signal is large enough to cause a significant change in the parameters. 
A signal of this magnitude, of course, is considered a large sign'll. This equiva- 
lent circuit is valid for the particular point of operation, temperature, and 
signal considerations under which the parameters are either measured or specified. 

Let's stop and review for a moment. The T equivalent circuit is nothing more than 
a model to represent the transistor and allow the basic theorems and laws to be 
applied to the analysis and design of transistor circuits. The T equivalent cir- 
cuit is not the only model; it is simply the first model that we are discussing. 

The particular equivalent circuit that we use will be governed by the point of 
operation, type of signal, and frequency considerations that were made when the 
parameters were measured. If the T equivalent circuit is a small signal, low 
frequency equivalent circuit, this indicates that the parameters or tools were 
measured at a low frequency, typically around lkc, and that the parameters are only 
valid if the applied signal does not cause the parameters to vary significantly 
over its entire swing. 
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Figure 11 shows a transistor configuration with biasing applied and signal con- 
siderations. The transistor is in a common base configuration, and is being 
driven by a 10pv signal. The output is taken off the collector. You will recall 
that the T equivalent circuit that we have discussed was for the transistor only 
and did not take into account the external component. In order to accomplish an 
analysis of the transistorized configuration, we might want to construct an 
equivalent circuit for the entire amplifier, and then approach an analysis pro- 
cedure. If the amplifier in Figure 11 is a low frequency (perhaps an audio) 
amplifier, the low frequency parameters will be valid. If it is a low level or 
small signal amplifier, small signal parameters are valid. Before analysis is 
approached, the circuit configuration can be redrawn and an equivalent circuit 
substituted for the transistor and the entire amplifier configuration. 




"L 

25kfl 



FIGURE 12 
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Figure 12 is an equivalent circuit for the amplifier in Figure 11 for low fre- 
quency, small signals. Notice in Figure 12 that the biasing components and any 
components that are not applicable for low frequency small signals have been 
neglected. R } and R 2 are simply biasing resistors, and C 2 places the base at 
signal ground. The biasing resistors, Rj and R 2 , have no effect on the signal. 

If we assume that the biasing battery is a perfect battery, then it has zero in- 
ternal impedance and the bottom of R^ is at signal ground. If we assume that the 

capacitors, Cj and C 2> have been properly selected so as to have low impedance to 
the signal frequencies, we can assume them to be short circuits, and they are dis- 
regarded in Figure 12. Since the internal impedance of the driving generator is 
only 50 0, the resistance has been neglected. In reality, in the equivalent 
circuit, R g should be shown as the parallel resistance of R and R ; however, 

10. Ik in parallel with 500 is rather insignificant and it has been neglected in 
the diagram. 




FIGURE 13 
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Figure 13 shows the equivalent circuits for the external signal components iso- 
lated from the transistor, and then the T equivalent circuit inserted for the 
transistor. We now have an equivalent circuit for which we could develop formulas 
and solve the circuit using the basic theorems if we had the values for the com- 
ponents in the T equivalent circuit for the transistor. 




Consider the circuit in Figure 14. Note that this is a very similar configuration. 
It is simply a common base transistor amplifier with the orientation of the com- 
ponents a little different in the schematic diagram. Figure 14 also shows the 
equivalent circuit of the amplifier for low frequencies and small signals. Note 
that the components that are not applicable in the particular model that we are 
constructing are neglected. We try and keep the model as simple as possible to 
accomplish the particular goal that the model is designed for. 

The transistor model that we have been discussing is referred to as a functional 
model. It is a model of a transistor that gives insight into the function of the 
transistor, electrically in a circuit, but does not give complete insight as to 
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the physical action of the transistor when it is operating in the circuit. We 
have started with the T equivalent circuit because it is the functional model 
that most closely approaches a physical model. The parameters associated with 
the T equivalent circuit are to a great degree related to the physical action of 
the transistor. The parameters are, however, related to measurements taken on a 
transistor external to the device. These measurements are then applied to con- 
structing a model and allowing the analysis and prediction of the operation of 
the transistor in the circuit configuration. 

If we were only interested in what voltage gains the transistor would offer under 
a given set of conditions, we might represent the transistor and its circuitry by 
the functional model such as shown in Figure 15. 




A y = voltage gain 
FIGURE 15 



Note in Figure 15 that the transistor is simply represented by a box, and the box 
is designated as having a voltage gain of 20. If we knew the considerations that 
apply to this functional model, we could expect to put in a certain level of 
signal voltage on the input terminals and find this signal voltage amplified 20 
times at the output. We would not be concerned with what is happening inside the 
box. This is an extreme example of a functional model, but it does bring out that 
it is not as concerned with what is going on inside the device. A functional model 
is concerned with what happens external of the model. We might consider that 
Figure 16 is at the opposite extreme in that it is a physical model of the 
transistor action. Note that the physical model, as shown in Figure 16, might 
give more insight into the internal workings of a transistor and yet offer diffi- 
culties when trying to analyze the electrical action of the device in circuitry. 

The T equivalent circuit is one attempt to bring together the functional and 
physical model. The parameters and arrangement of the components in the model try 
to give insight into the device and yet give parameters that can be used 
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functionally to allow analysis of the transistor in a configuration. 




d-c BIAS d-c BIAS 



The functional model will be limited in that it will be valid only under the con- 
ditions that the parameters were measured. If the parameters are used under a 
different set of conditions, they will have to be modified to fit that particular 
application. We cannot neglect the direct current characteristic of the transis- 
tor and its configuration, and its effect on the small signal considerations. 
Since the direct current or static operating conditions of the transistor will 
govern to a great extent the parameters for a small signal configuration, these 
must definitely be taken into account. Consider the circuit in Figure 17. In 
earlier studies, we have established that for amplifier operation, the transistor 
should have the collector reverse biased and the emitter base junction forward 
biased, if linear amplification is to be accomplished. The transistor in Figure 
17 must of necessity have its emitter base junction forward biased and its 
collector junction reverse biased. A negative 20 volts is applied through the 
collector load resistor to the collector of the transistor. The emitter is re- 
turned to ground through a lO.lkfi resistor, and the base level is established by a 
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voltage divider circuit from the negative 20 volt supply to ground. 




The level at the base can be approximated by using Thevenin's Theorem or basic 
voltage divider theory. The voltage across the 10.1k, if we disregard the base 
current (using Thevenin's Theorem we could break the lead going to the base of 
the transistor and solve for the open circuit voltage at the top of the 10.1k 
resistor), we can say that the voltage at the- top of the 10.1k resistor at the 

base is equal to ^ Q 1 k'+ k 34k ) (~ 20v ) • Th ' s 9' ves an open circuit voltage at the 
base of the transistor of approximately 4.57v. Since the emitter base junction 
is forward biased, we can expect only a few tenths of a volt from emitter to 
base. The emitter is very close to 4.57v. Since the 10.1k in the emitter in 
Figure 17 is returned to ground, the 10.1k resistor must drop approximately 4.5v. 

It then becomes a simple Ohm's Law problem to determine the current through it. 

4 5v 

is a little less than 0.45ma. We might carry this further and assume that 
approximately the same amount of current flows in the collector that flows in 
the emitter, and the collector current is approximately 0.45ma. Since the 
collector load resistance is 25k, the product of 25k and 0.45ma will give the 
drop across the collector load resistance. The drop is approximately 11. 2v. 
Subtracting this from 20v, we have a voltage at the collector of approximately 
8.8v. Since the emitter is at approximately 4.5v, the collector to emitter 
voltage is approximately 4.3v. 

You might think that we have neglected some important factors in our approximation; 
however, assuming the base current to be 0 is justified in this case, since the 
emitter current is only 4.5ma. Even assuming a low d-c beta of perhaps 20 or 30, 
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the base current is only l/20th or l/30th of the emitter current, and does not 
throw our calculations off too far. To establish the d-c levels and determine if 
parameters are valid, approximations such as we have just used are sufficient in 
most cases. If the d-c parameters of the transistor are available, then a 
thorough use of the basic theorems, Ohm's, and Ki rchhoff 1 s laws yield more exact 
results. Persons familiar with vacuum tubes and passive circuitry sometimes seem 
to assume that all the basic laws and theorems have suddenly been repealed be- 
cause someone used a transistor in the configuration they are investigating. As 
we have just seen in dealing with the transistor in Figure 17, Ohm's Law is still 
in force, and we can readily approximate the d-c currents and voltages in the 
transistor circuit. 

OTHER FUNCTIONAL MODELS ; 

As previously discussed, the functional model of the transistor simply provides 
a kit of tools to allow analysis of the transistor in a specific configuration. 

The T equivalent circuit that was previously discussed is a functional model and 
provided parameters for dealing with the transistor in an amplifier configuration. 
Ohm's and Kirchhoff's laws and applied to the equivalent circuit to obtain formu- 
las for solving for gains and impedance levels. 

Most functional models are not concerned with the internal workings of the tran- 
sistor or the particular device being represented. They are concerned with how 
the device reacts when placed in a configuration. Most equivalent circuits are 
formulated by making measurements on a configuration such as shown in Figure 18. 




FIGURE 18 
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The device for which a representative model or equivalent circuit is desired is 
assumed to be in a black box with two input terminals and two output terminals. The 
input terminals are designated with the number 1; the output terminals are designated 
with the number 2. This approach is referred to in several ways. The black box 
approach, two-part formulations, etc. An equivalent circuit obtained by making 
measurements on the black box as shown in Figure 18 will vary with the type of 
measurements made and the values obtained. Since we have already discussed that 
the voltage versus current characteristics of a transistor are non-linear, we might 
wish to obtain a small signal, low frequency equivalent circuit for the transistor. 

By assuming it is in a black box, we could make incremental measurements on its 
terminals and obtain parameters which are essentially linear and can be inserted in 
an equivalent circuit. The T equivalent circuit already discussed is a form of 
functional model and similar measurements must be made in order to obtain parameters 
for the T equivalent circuit. 

We will discuss a number of functional models or equivalent circuits based on the 
measurements made on the black box as shown in Figure 18. The important point to 
remember at this time is that all of the functional models we will be discussing 
are based on measurements made on a configuration such as shown in Figure 18. If 
incremental measurements are made, the results will be essentially linear and we 
can consider the black box to be a linear four-terminal network. This is assuming 
we are trying to obtain a low frequency, small signal equivalent circuit. 

Let's assume that we want to obtain a low frequency, small signal equivalent circuit 
for a transistor for use in analyzing or predicting circuit impedances and gains 
when a transistor is used in a configuration. Since the transistor has three 
terminals - the emitter, base, and collector - one of the terminals can be made 
common, and the configuration such as shown in Figure 19 can be used to make 
measurements on the device. In the measurements configuration in Figure 19~a. the 
input voltage is being varied incrementally, and the input voltage and current are 
monitored by meters. So that the output voltage will have no effect on the measure- 
ments, the output has been a-c short-circuited by a large capacitor. The transistor 
itself is shown as nothing but a black box since the functional equivalent circuit 
is not interested in what the device _i_s, but rather what it will do when placed in 
circuitry. Once the measurements in Figure 19-a are made, it is a simple matter to 
use Ohm's Law to determine the small signal resistance between the pins numbered 1 
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in the diagram. 




O- 



FIGURE 





The resistance, let's call it hjj, is equal to the incremental change in the voltage 
between pins 1 and 1 divided by the incremental change in current that occurs.' Of 
course, this is assuming that the output voltage has been held constant as a result 
of the large capacitor shorting the pins numbered 2 together. 

Figure 1 9-b shows the measurement set-up for determining the effect of an incre- 
mental input current change on the current in the output circuit (the current gain 
of the device in the black box). Once again, in Figure 19~b, the output points have 
been essentially shorted together with a large capacitor so that the output voltage 
will not have an effect on the measurement. The measurement is made by applying 
an incremental change in input current and noting the change in the output current. 
It is a simple matter then to determine the current gain by dividing the measured 
change in the output current by the applied input current change. This measurement 
is also made with the output voltage held constant. 

Figure 19-c shows the measurement set-up for determining the effect of the output 
voltage on the input voltage. An incremental change in output voltage is applied 
and the input voltage is monitored by a meter. The input current is held constant 
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by essentially keeping the input circuit a-c open circuited. This might involve a 
large reactance such as a large inductance to maintain a constant input current. 

The effect of the output voltage on the input voltage can be obtained by dividing 
the measured change in input voltage by the applied change in output voltage. 

Figure 1 9-d shows the measurement set-up for determining the effect of changes in 
output voltage on the output current. The input circuit is essentially a-c open 
circuited so that the output current will not be effected by variations in the in- 
put current. An incremental change in output voltage is applied and the output 
current monitored. It is once again a simple matter to determine the resistance 
between the two pins numbered 2 by dividing the incremental change in the applied 
voltage by the incremental change in the current. For the particular model for 
which these parameters are to be used, the output conductance is desired. The 
values gained from the measurements in Figure 19 are measured for what is termed 
a hybrid equivalent circuit for a transistor. You will note in Figure 19 that two 
separate types of measurements were made. Measurements that could be referred to 
as short circuit measurements, since the output was essentially a-c short circuited 
to hold the output voltage constant, and measurements were made in which the input 
was essentially held a-c open circuited so that the input current would remain con- 
stant. Since the particular equivalent circuit that we are going to discuss in- 
volves two separate types of measurements, it is referred to as a hybrid equivalent 
circuit. The parameters associated with this equivalent circuit are also referred 
to as hybrid parameters. These parameters are designated with an "h" to indicate 
that they are hybrid parameters. 

We should keep in mind that the other functional equivalent circuits that are dis- 
cussed later in this volume are arrived at by making similar measurements on a black 
box. In this particular case, the black box contained a transistor. It might, of 
course, be a transistor, a resitive network, or any electronic device that we would 
like to represent with an equivalent circuit or model to simplify the analysis and 
design. Another thing that should be kept in mind is that, due to the inherent non- 
linearity in the transistor circuit, the parameters will be different at different 
quiescent or d-c points of operation. Therefore, when these parameters are stated, 
the point of quiescent operation should also be stated. 



The functional equivalent circuit is limited in that it must be used only under a 
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given set of conditions. The particular equivalent circuit that we gain parameters 
for in Figure 19 is only valid at low frequencies under small signal conditions at 
the particular point of operation at which the parameters were measured. Along 
with this, the parameters are effected by the configuration that the transistor is 
in within the black box when the measurements are made. In other words, the para- 
meters will be different for the common emitter, common base, or common collector 
configuration. 

We will first investigate the hybrid equivalent circuit and then show the relation- 
ship between the hybrid and other equivalent circuits and their parameters. Since 
they are all based on the measurements outlined in Figure 19. it is very easy to 
transpose from one functional equivalent circuit and set of parameters to another. 

The particular type of equivalent circuit that is used depends on a number of things. 
It might be the ease of measurement of the parameters; it might be the parameters 
that are most commonly stated by the manufacturer, and even personal preference 
enters into the consideration of which equivalent circuit is to be used. Some 
equivalent circuits will not lend themselves well to dealing with the higher fre- 
quencies, while others offer other limitations. 

It should be remembered that, under the conditions the parameters were measured, 
any of the equivalent circuits is as valid as the next, and the particular one that 
is used as a functional model will probably boil down to personal preference of 
the user. Since they are all functional models and are valid, we will not try to 
indicate that one is better than the next. 
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Figure 20 shows the hybrid equivalent circuit of a transistor for low frequency, 
small signal operation. The h in the symbols indicates that they are hybrid para- 
meters. hjj indicates the dynamic or small signal resistance that is seen between 
the two input terminals designated with the 1. h ]2 is a voltage generator that 

indicates the effect of the output voltage on the input voltage. Notice that the 
input is a closed loop between the 1 terminals that were shown on the original 
black box. h^ indicates the resistance that is seen between the two input termin- 
als, and h^ indicates the effect of the output voltage on the input voltage, 
allowing a closed input loop to be drawn. The transistor will exhibit a certain 
current gain between the input and the output terminals, and this is illustrated 
by the current generator symbol designated h 2 j. h 22 represents the imperfections 
of the current generator. Since it is impossible for h 2 | to be a perfect current 
generator, the conductance that shunts the current generator is shown and designated 
h 22 » In other words, this is the dynamic conductance that is seen between the out- 
put terminals designated 2. 

It is well to stop and note at this point that the equivalent circuit shown in 
Figure 20 and obtained from the measurements made in Figure 19 does not indicate 
the internal physical workings of the device, but simply electrical symbols and 
parameters that show the electrical functioning of the device when placed in a 
circuit. Also, and this might sound repetitive, the parameters gained for insertion 
in the equivalent circuit in Figure 20 are only valid under the conditions set by 
the measurement environment. In other words, the d-c or static operating point, 
the frequency and signal considerations. If the parameters were measured under a 
low frequency situation, a new equivalent circuit would have to be constructed, and 
the parameters modified to do an analysis at the higher frequencies. 

V 1 1 

h.. in Figure 20 can be found using Ohm's Law and the formula h.. = ~ — , assuming 
II 11 'll 

v 2 is held constant. This is illustrated in Figure 19. When dealing with h ^ ^ , 
both the dependent and the independent variables are measured at the input. The 
applied input voltage is measured between the input pins designated 1, and the 
change in current is measured at the input and, as a result, the parameter is 
designated h^. There is only one parameter in this equivalent circuit for which 
values are gained- by the measurement of both the dependent and independent variable 
at the input terminals. This is the dynamic input resistance. 
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The parameter hj 2 , however, has the dependent variable measured at the input, and 
the independent variable measured at the output. An applied voltage is inserted 
between the terminals marked 2 in the output and the change in the input voltage is 
measured to gain values for calculating hj 2 . The first number in the parameter 
designation indicates the point at which the dependent variable was measured, and 
the second number indicates the point at which the independent variable was measured. 
In the case of hj 2 , the dependent variable is measured at the input or terminals 
marked 1, and the independent variable was measured into the output terminals or 
the terminals marked 2. Therefore, it is designated h^- h )2 is the voltage 

generator indicating the effect of the output voltage variations on the input vol- 
tage. h 2 j is the current gain parameter of the device. It indicates the effect of 
the input current on the output current. Since the dependent variable is measured 
at the output (terminals marked 2) and the independent variable is measured at the 
input (terminals marked 1), it is designated h 2J . 

h 22 is the dynamic output conductance of the transistor and it is found by dividing 
the incremental change in the output current by the incremental change in the out- 
put voltage. Both the dependent and independent variables are measured at the out- 
put or terminals marked 2, and designated h 22 . This is the only parameter in this 
equivalent circuit that can have this designation. 

We have four parameters in the hybrid equivalent circuit that may be used to repre- 
sent the transistor in a configuration. The particular parameters that were gained 
for the equivalent circuit in Figure 19 were measured at low frequencies with small 
signals applied and with a given quiescent or d-c operating point. The parameters 
are not valid if these conditions are not met. Therefore, if these parameters were 
stated as the parameters for the particular device (in this case a transistor), the 
conditions under which the parameters were measured must also be stated. This, of 
course, is one disadvantage of this type of a functional model when dealing with 
a non-linear device, such as a transistor. A linear four-terminal network is only 
valid for linear devices. So that the transistor can be assumed to be a linear 
device, incremental measurements must be made for signal considerations. Since 
these incremental measurements will yield different parameters at different static 
points of operation, they are only valid at the particular point of operation at 
which they were measured. There are methods which will be discussed later by which 
the parameters may be adjusted for different operating points and for different con- 
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figurations, even though they were measured under one set of conditions and for a 
given configuration. 

If the parameters are measured for a specific configuration, such as the common 
emitter, common base, or common collector, a letter following the parameter symbol 
will designate the common element in that configuration. If the parameters in 
Figure 20 were measured for a common base configuration, the parameter hjj becomes 
hjj^. A number of transistor manufacturers and persons generating text books assume 
that the common base is the reference configuration and, if the configuration is not 
designated, one must make the assumption that it is a common base configuration. 
Since a configuration is not specified. Figure 20 would be assumed to be an equiva- 
lent circuit for a common base configuration. If a parameter is followed by 
the subscript e, it indicates that it is for a common emitter configuration, and 
if a parameter is followed by the subscript c, it indicates that it is for a 
common collector configuration. Simply listing the configurations without a sub- 
script requires that a person assume that it is a common base configuration. This 
leads to confusion, and my personal preference is to always designate which con- 
figuration is referred to by the parameter. Therefore, in this publication, the 
parameters will always have the configuration designated with a subscript letter. 

The exact same parameters as shown in Figure 20 can be designated as shown in Figure 




FIGURE 21 

hjj b in Figure 20 is h. b in Figure 21. The h indicates it is a hybrid parameter, 
the i indicates input resistance, and the b indicates that it is a common base con- 
figuration. Therefore, h- b is the same as hjj b , using letter designations rather 
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than the numbers. The third letter indicates which configuration is being referred 

to. h .is the reverse voltage amplification factor, or the generator which indi- 
rb 

cates what effect the output voltage has on the input voltage, and is the same as 

h,.. . h £L is the forward current gain of the transistor; the h indicating hybrid, 

1 2b f b 

the small f indicating forward current transfer or gain, and the b indicating a 
common base configuration, h^ ' s a l so referred to as small signal alpha, or sim- 
ply alpha, h^ ' s the same as h^ | in Figure 20. h^ > s the small signal output 
conductance of the transistor. The h indicates hybrid, the o indicates output 
conductance, and the b indicates a common base configuration. The use of lower case 
letters for the parameter designation indicates that they are small signal para- 




Figure 22 shows the low frequency, small signal, hybrid equivalent circuit for the 
transistor in a common emitter orientation. Notice that the equivalent circuit It- 
self has not changed because it is formulated from the same original measurements 
made on the blackbox as the common base oriented transistor. The orientation of 
the transistor within the black box was changed, however, and therefore, the 
measurement results are different. Parameters for the common emitter configuration 
are necessary for insertion into the equivalent circuit if it is to be used in an 
analysis procedure. You will probably note a big difference between this type of 
a functional model and the T equivalent circuit that was originally discussed. 

When the configuration changed, the T equivalent circuit is changed, and the 
parameters remained constant. With the hybrid equivalent circuit, the equivalent 
circuit or model remains the same no matter what the orientation of the transistor, 
and the parameters are different for each configuration. Since a functional model 
is concerned with results, and much the same results will be obtained if either the 
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T or hybrid approach is used in analysis, the differences involved are not of con- 
sequence. 



Figure 22 has the input resistance designated as the h indicates hybrid, the 

i indicates input resistance, and the e indicates that the transistor is in a common 
emitter orientation. The rest of the parameters are similar. h fe is what is nor- 
mally referred to as the small signal beta, or simply the beta of the transistor. 



COMMON BASE: 



*fb - h 21 " h 2 1 b " a,pha 


COMMON EMITTER: h, = h_, = 

fe 21e 


'ib = h ll = h l lb 


h. = h,, 
le lie 


ob = h 22 = h 22b 


h = h,, 
oe 22e 


Yb = h l 2 = h l 2b = P rb 


h = h . . = 
re 1 2e 


COMMON COLLECTOR: 


h fc = h 21c 



re 



ic 



oc 



rc 



'lie 
' 1 2c 
' 1 2c 



rc 



FIGURE 23 



Figure 23 lists the parameter designations commonljy used for the hybrid equivalent 
circuit for the three configurations. Remember that these parameters are for the 
low frequency, small signal operation and must be given at a specified static oper- 
ating point. The parameters will be different at different static operating points. 

h Qb = COM. BASE - SMALL SIGNAL OUTPUT CONDUCTANCE, INPUT a-c OPEN CIRCUITED 
h. b = COM. BASE - SMALL SIGNAL INPUT RESISTANCE, OUTPUT a-c SHORT CIRCUITED 
h rb = COM. BASE - SMALL SIGNAL REVERSE VOLTAGE TRANSFER RATIO, INPUT a-c OPEN- 
CIRCUITED 
h fb = COM. BASE 

h - COM EMITTER SMALL SIGNAL FORWARD CURRENT TRANSFER RATIO, OUTPUT a-c SHORT- 
fe * CIRCUITED 

h f( _ = COM. COL. 

OTHER PARAMETERS CORRESPOND WITH THE SUBSCRIPT b REPLACED TO INDICATE CONFIGURATION 
USED. 

FIGURE 24 



Figure 24 lists the common parameters associated with the hybrid equivalent circuit 
and their definitions. Tables 1, 2, and 3 are specification sheets that have been 
reprinted with the permission of the particular manufacturer involved, and illustrate 
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how small signal parameters might be designated for the transistor. 




FIGURE 25 



Figure 25 shows the schematic diagram of a simple transistor amplifier. The tran- 
sistor in this particular application happens to be in a common emitter configur- 
ation. Shown beside the schematic is the equivalent circuit with the hybrid 
equivalent circuit substituted for the transistor. Like the examples used when 
substituting the T equivalent circuit for the transistor, only those components 
which have an effect on the signal at the frequency of interest are inserted in the 

equivalent circuit. In the small signal equivalent circuit, the biasing batteries 

are assumed to be perfect batteries and, therefore, having zero resistance, are 
disregarded. Any reactive components that are not effective at the particular fre- 
quency of interest are disregarded and the equivalent circuit is as shown in 
Figure 26. The transistor has been replaced by its hybrid equivalent circuit, made 

up of h. , h , h, , and h . The actual values of the voltage and current gener- 

ic r c i c oc 

ators in the equivalent circuit are determined as shown in Figure 26. The voltage 
generator is the product of h r and the output voltage variations. The current 
generator is the product of h f and the input current variations. Figure 26 shows 
the equivalent circuit without configuration designation such as common base, 
common emitter, and common collector configuration. Figure 26 will be used in de- 
riving some transistor gain and impedance formulas. Since the equivalent circuit 
is the same for all three configurations, the gain and impedance formulas derived 
will be valid for all three configurations if the parameters for that configuration 
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to be analyzed are inserted. 




When an a-c equivalent circuit of the transistor and its configuration is drawn, 
the transistor is replaced by its hybrid equivalent circuit and only those compon- 
ents seen by the a-c signal, governed by the considerations under which the para- 
meters were measured, are placed in the equivalent circuit. Under a different set 
of conditions, a new equivalent circuit must be used. For instance, a high fre- 
quency analysis would require high frequency parameters, as the parameters measured 
at the low frequencies cannot be used. 

To gain useable formulas, in terms of the parameters, for dealing with analysis of 
a transistor configuration, Kirchhoff's equations are written for both closed loops 
in the equivalent circuit, and these solved for the a-c transistor formulas. I t 
should be made clear at this point that the exact formulas that we will formulate 
are not too often used in day to day approaches to circuitry. Approximate approaches 
will be formulated later that are based on these exact approaches . The approximate 
approaches will probably find the most use. 

The initial Kirchhoff equations are in terms of circuit components, parameters, 
currents, and voltages. The final equations will be in terms of only the parameters 
and circuit components. The formulas will apply with any applied currents and 
voltages as long as they meet the conditions under which the parameters were mea- 
sured. 
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Referring to Figure 26, the algebraic sum of the applied input voltage, the voltage 
drop across h., and the voltage generator h y V Qut must equal zero. (Kirchhoff's 

Voltage Law, the sum of the voltage around the closed input loop, equals zero.) 

The basic input equation becomes: 



0=v. + h. i . +h v 

in i in r out 



The output current (' out ) is the product of the current amp 1 i f i cat ion factor of the 

transistor (h f ) , and the input a-c current (i. ) added to the current through the 
output conductance (h Q ) . The current through the output conductance is determined 
by the output voltage variations (v Qut ) and must be added to the formula. The 
basic output equation for any configuration becomes: 



0 



i + 
out 



h, i. 
f in 



h v 
o out 



(Kirchhoff's Current Lew writing a nodal equation for point 2 in Figure 26.) 



A set of equations can be derived by using the basic input and output equations 
just written for the closed loops in the equivalent circuit. The parameters and 
circuit components can then be substituted for the currents and voltages involved. 

CIRCUIT CURRENT GAIN : 



The basic equation for the current gain of the equivalent circuit in Figure 26 is: 

i 



A, = 



out 



I “ i 



Starting with the basic output equation; 



In 



0 = h, 1 . + h v + i 

f in o out out 

and by Ohm's Law, v^ = R L i^, and substituting this into the basic output 
equation: 

0 = h, i . + h R. i + i 

f in o L out out 



Factoring out i • 
3 out 



0 = h, i. + (h R. + 1) i 

f in ' o L ' out 



In solving for 'out , which is A.: i -h,. 

~\ 1 a out L 

in A i = -i. = 

in 



1 + h R. 
o L 




41 



The equation for current gain in terms of parameters and circuit components be- 
comes : h 

n f 

A. = 1 + h R. 
i o L 

This formula, as well as others that will follow in this example, may be used to 
determine the current gain of any of the three configurations if the proper para- 
meters and circuit components are inserted. This, of course, is because the equi- 
valent circuit is based on the measurements made on the black box or linear four- 
terminal network, and the orientation of the transistor does not enter into it. 

Only the measurement results which give the parameters for insertion into the 
equivalent circuit will be governed by the orientation of transistor. A major 
difference between the hybrid equivalent circuit and the T equivalent circuit is 
that the hybrid equivalent circuit and the gain and impedance equations are the 
same regardless of the orientation of the transistor, whereas the T equivalent cir- 
cuit has different equations and equivalent circuits for each of the three configur- 
ations . 

C I RCUIT VOLTAGE GAIN: 



The basic equation for voltage gain is: 




To formulate an equation for the voltage gain in Figure 26, 
can once again be used: 



0 = h f i. +h v + 
f in o out 



out 



the Kirchhoff equations 



By Ohm's Law: 




Substituting for i 



out: 



0 = 



h, i . + h v + 

f in o out 



out 



To gain an expression for i. , 

i n 



transpose: 



0 - v in + h ! 



i. + h v 
in r out 
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to read: 



-v. h v 
j _ [_n _ r out 

in " h. h. 



and substituting for i. : 

i n 



/ V in h r v out\ v ol 

° = M h i h, / + h o V out + -R. 



Factoring v and rearranging: 



(‘■'k-'-tr) 



h f ( - v In ) 



Multiply both sides by the expressions: 



011*1 , , 
-v. , , h f h 

in h 1 _f r 

° + \' h > 



to get: 



l I 

in h, h 1 ^f *V~| 

L K'~i 



Expanding the denominator and multiplying by f* L : 



-h f R 



v (h i h o _ h f V R L + h i 



and the equation for circuit voltage gain is: 

A 

v “ A h R + h. 



A' = h. h - h, h 
i o f r 



where: 
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INPUT RESISTANCE : 

The equation for a-c resistance as seen at the input terminals of the transistor 
circuit can be formulated using the basic equation: 

0 = v. + h. i . +h v 

in i in r out 

The basic equation for input resistance is: 



v. 
i n 



i " i 



in 



For the configuration in Figure 26: 



Transposing: 



0 = v. +h. i. + h v 

in i in r out 



-v, v 

— Js- h, + h 

‘'In ' r 'in 



To find an express ion for , the basic output equation is rewritten: 

'in 



0 = h f i. 



n + ( h ° + R l ) 



out 



and solving for . out | : 
'in 



v out h f 



'in h + 

o R l 



out 



Substituting for in the equation: 

in 



-v. v 

in i_ i L out 

r i = ~ = h i + h r ~ 
in in 



It becomes: 



-h. 



r i " h i + h r 



h ° + 5 [ 
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Rearranging: 

h| + (h. h p - h f h r ) R, 

r i = 1 + h R. 

o L 

and the equation for input resistance is: 

h i* AhR L 

r i “ 1 + h R. 

o L 

where: 

A h = h, h Q - h f h r 



OUTPUT RESISTANCE: 



To formulate an equation for the a-c output resistance of the circuit, the current 
generator in Figure 26, along with its shunt conductance, is replaced by a voltage 
generator and its series resistance. Dividing the value of the current generator by 
its shunt conductance gives the value of the voltage generator. The series resis- 
tance is the reciprocal of the output conductance. 

Since the desired information is the resistance as seen looking in the output ter- 
minals, the driving generator is moved to the output as illustrated in Figure 27. 
The driving source resistance (R g ) will effect the output resistance; therefore, 
it is left in the input of the equivalent circuit. 



The input current and voltage relationship can be written: 



h v =h. i, +R i. 
r out i in g in 



and the output current and voltage relationship can be written: 

i h, i . 

v -R, I + 

g L out h h 

J o o 



The driving source (v^) in the right hand diagram in Figure 27 sees a series cir- 
cuit of R^ and r Q , as shown in Figure 28. 
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Solving the input equation to obtain an expression for i.^: 

h v 
r out 

1 in _ h . + R 
' 9 



and by Ohm's Law: 




Substituting for i Jn and i Qut in the equation for 



h v 
r out 

h. + R h, 
9 t 



out 

r 



r : 
o 



Simplified: h h r 

I f r o 

r o “ h h h. + R 
o o i g 



Rearranged: 

h. + R 

r = V 9 - 

° A h + h R 
o g 



Where: 

A h = h. h - h. h 
i o f r 



The parameters for the transistor are measured at a given d-c operat i ng point and 
configuration . If other than the situation under which the parameters were mea- 
sured exists, the parameters for the transistor must be adjusted for the configur- 
ation and operating point used before insertion into the equations. 

These are a-c equations, and the components and parameters inserted in the equations 
must be a-c components and parameters. As an example, R^ in the equations must be 
the actual a-c or signal load resistance the transistor sees at the frequency of 
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interest. If the collector load is shunted by the input circuit of the following 
stage, this must be taken into account when calculating the a-c load resistance. 
These formulas are useable with any low frequency small signal configuration if the 
proper parameters for operating point and configuration are inserted. Figure 29 
lists the equations for the hybrid equivalent circuit when dealing with small sig- 
nals and low frequencies. Since the formulas remain the same regardless of the 
configuration, the configuration has not been specified in the equations in Figure 
29. The parameters are different for each configuration. 

Figure 29 also lists conversion formulas for transposing from common base to common 
emitter or contnon collector. Of course, the formulas listed in Figure 30 can also 
be transposed to solve for any unknown value. 

To take external series shunt or feedback components into account. Figures 30 and 
31 list formulas to allow the modification of the h parameters when there are ex- 
ternal or feedback components involved. When external series, shunt or feedback 
components are involved, the original parameters can be adjusted for operating 
point, then inserted into the formulas in Figures 30 and 31. 

The resultant parameters (given with an X in parenthesis to indicate they are 
modified parameters) may be inserted directly into the gain and resistance formulas 
for the hybrid circuit previously discussed. When this is done, there is no need 
to include the external components in the equivalent circuit because they are now 
part of the equivalent circuit and represented by the modified parameters. If the 
parameters are not modified using the equations in Figures 30 and 31, the basic 
theorems must be applied to solve for the effects of series, shunt, or feedback 
components. Either way is just as valid, and personal preference will play a part 
in selecting the approach. When more than one stage is involved, such as the 
transistor cascade in Figure 32, some initial considerations must be made. 

TWO-STAGE A-C ANALYSIS PROCEDURE: 



The parameters of the transistor must be known if the hybrid approach which we 
have just discussed is going to be used. Parameters are given in the manufacturers' 
reference under a given set of conditions (i.e., frequency, static emitter current, 
collector voltage, etc.). 



-4 
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These equations are for any configuration. Insert the parameters for the configur- 
ation to be analyzed. 



Input resistance: r. 



h i + * h r l 

1 + h o R L 




COMMON BASE COMMON EMITTER COMMON COLLECTOR 




FIGURE 29 
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MODIFIED h PARAMETERS TO INCLUDE EXTERNAL AND FEEDBACK RESISTANCES 

( h f + *) R x 

h i(x) = h i + 1 + h R 

ox 

h 

. o 

o(x) 1 + h R 
ox 

h, - h R 

, r ox 

h f(x) ' 1 + h Q R x 

h + h R 

h - r ° x 
r(x) ~ 1 + h R 
ox 





L. 
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MODIFIED h PARAMETERS TO INCLUDE EXTERNAL AND FEEDBACK RESISTANCES 





h h, R 

h h r f x 

h i(x) = h l " I + h Q R x 

h 

L. O 

o(x) 1 + h Q R^ 

h - Uf 
f(x) " 1 + h Q R x 

h 

h r 

r(x) I + h Q R x 




FIGURE 31 
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PARAMETERS 

h, = 44 
fe 

h re = 3.37 x 10" 4 

h. = 1400H 
i e 

h Qe = 27 iimhos 



Ohm's Law, Thevenin's Theorem, etc., can be used to determine the static emitter 
current and collector voltage for the circuits to be analyzed. The parameters,, of 
necessity, must be adjusted to this set of conditions. Another method might be to 
measure the parameters of the transistor on the Tektronix Type 575 Transistor Curve 
Tracer at the operating point of the transistor in the circuit. If the parameters 
for the transistor are given in terms of common base, they must be converted to 
common emitter parameters for use with the configuration in Figure 32. 



When two transistor amplifier stages are cascaded, the equivalent circuit will 
show the bias network and the input resistance to the second state as appearing 
in parallel with the load resistor of the first stage. Since the input resistance 
of the first stage is dependent on the input resistance of the second stage, we 
must solve for the input resistance of the second stage before dealing with the 
first stage. We might conclude from this that the second stage must be approached 
before the first stage. 



The parameters might be obtained from a specification sheet, such as shown in 
Figure 33. The hybrid small signal parameters other than h^ are given as common 
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Courtesy of General Electric Company, Semiconductor Products Department 

FIGURE 33 
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base parameters in Figure 33. These must be changed to common emitter parameters 
for analysis of the configuration in figure 32. Figure 3^ lists all equations 
needed to transpose hybrid parameters from one configuration to another. It also 
allows the T equivalent circuit parameters to be found when the hybrid parameters 
are given, or the hybrid parameters to be found if the T parameters are given. 

The parameters are for a given d-c operating point. The operating point is lma of 
emitter current, and 20v of collector voltage for the transistor in Figure 33. If 
the operating point is other than that of which the parameters are given, the 
parameters must be modified for the new point of d-c operation. A chart such as 
shown in Figure 35 is sometimes supplied by the manufacturer and may be used to 
modify the parameters to the new operating point. 

In analyzing a two-stage amplifier, such as shown in Figure 32, the first steps 
might be to find the gain and input resistance of the output stage. The equivalent 
load resistance of the first stage can then be found by paralleling the biasing 
resistors, r b2 and r f2 , with r. 2 andR L| . This equivalent value is the load resis- 
tance of the first stage. Voltage and current gain will be governed by this a-c 
value and not the d-c load resistance. 

To determine the interstage gain, the equations in Figures 30 and 31 can be used 
to modify the parameters to take into account the series or shunting components, or 
the formula below can be used with the configuration in Figure 32. Current gain of 
the interstage network: 

r 

A _ eg 

i (interstage) r^ + r. 2 

Where r gq is the parallel combination of R^, ^B2’ anc * ^F2‘ Since all of the 

driving current will not enter the input of the transistor, this same approach can 
be used in the input circuit of the first stage. 

A i (pre-stage) = r gq + r.j 

Where r g is the parallel resistance of R g j and Rpj. The interstage voltage gain 
is unity as long as no impedance is placed in series with the signal. 
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(NUMERICAL VALUES ARE TYPICAL FOR THE 2N525 AT IMA, 5V) 



SYMBOLS 


COMMON 

EMITTER 


COMMON 

BASE 


COMMON 

COLLECTOR 


T EQUIVALENT 
CIRCUIT 
(APPROXIMATE) 


IRE 


OTHER 


h ie 


^ 4 


1400 OHMS 


h,b 

'♦ h lb 


hie 




h r e 


h l2e’ ^bc’ 
Mre 


3.37 X I0~ 4 


h ib h ob k 


l-h rc 


r e 

(l-a)r e 


hfe 


h 2t# .A 


44 


hfb 

'♦hfb 


-ll*hf C ) 


l-o 


hoe 


h. 1 


27 X IO' 6 MHOS 


hob 


hoc 


1 


h 22«*Z22* 


•♦hfb 


(l-o) f c 


hib 


h " 


hi* 

'♦hf. 


31 OHMS 


hj c 
” hf c 


r e -*-(l-o)r b 


h r b 


h l2’^.C 

Mrb 


h '» h o? _ h 

lth fe h " 


5X KT 4 




T> 

'c 


h fb 


h 2 | ,o 


hfe 


-0.978 


, + hf C 




•♦ h f. 


hfc 


” a 


N>b 


"22 ‘4 


hoe 
l + hf e 


0.60 X I0 _6 MH0S 


hoc 

h »c 


i 

fc 


hie 


h »c 


h i# 


hjb 

•♦hfb 


1400 OHMS 


r b+Th 


^rc 


h l2c ,/i be’ 


1 — N r , 


1 


1.00 


* — 




Mrc 








»• ■»'£ 


hfe 


h 2le-°eb 


-0«-h„) 


' 

'♦hfb 


-45 


i 

l-o 


hoc 


h22c *4e 


h 0 « 


±3iL 

•♦h fb 


27 X I0 -6 MHOS 


1 

(1— q)r c 


a 


h f« 

'♦hfe 


“hfb 


'♦hfc 

hfc 


0.978 


'c 


'♦hf* 

ho* 


l-hrb 

hob 


_ h k 
hoc 


1.67 MEG 


r e 


hi 

ho* 




l-hrc 

hoc 


12.5 OHMS 


r b 


hi,-^('.h f ,, 


hfb 

h ob 


hie^C-hfc) 


840 OHMS 



APPROXIMATE CONVERSION FORMULAE h-PARAMETERS 
AND T-EQUIVALENT CIRCUIT 



Courtesy of General Electric Company, Semiconductor Products Department 



FIGURE 34 




COLLECTOR VOITAOE, IV C ) 

CHARACTERISTICS VS COLLECTOR VOLTAGE 



VARIATION OF h-PARAMETERS WITH BIAS CONDITIONS 

Courtesy of General Electric Company, Semiconductor Products Department 



FIGURE 35 
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Pre-stage voltage gain is less than unity because the generator resistance, R g , 
must be considered. R g is in series with r equivalent of the input stage. Pre- 
stage voltage gain can be solved by using the formulas in Figures 30 and 31, or 
the formula: 

r 

A x = §3 — 

v (pre-stage) r eq + R g 

Where R gg is the parallel of R g | , r f ,* and R j j • 

Notice that these formulas are nothing more than basic current and voltage divider 
theory applied to the transistor circuit. 

STEP BY STEP TWO-STAGE ANALYSIS PROCEDURE : 

The following assumes that the basic theorems, current and voltage divider theory 
theory are utilized, rather than the equations in Figures 30 and 31. 

A. Determine the proper parameters for the operating point of the circuit configur- 
ation under analysis. 

B. Calculate the input resistance of stage 2. 

C. Calculate the equivalent load resistance of stage 1. 

D. Calculate the input resistance of stage 1. 

E. Calculate the voltage and current gain for both stages. 

F. Calculate the pre-stage current gain and voltage gain. 

G. Calculate the interstage current and voltage gain. 

H. Take the product of all current gains for total current gain. 

I. Take the product of all voltage gains for total voltage gain. 

J. Take the product of total current and total voltage gain for total power gain. 

As an example using this procedure, the following is the solution of the two-stage 
amplifier in Figure 32 using the parameters listed. 



Input resistance of the second stage: 



r i 2 = 



h. + 
i e 



A h e R 



L 1.4 x 10 3 + 2.3 X 10~ 2 3.9 x IQ 3 



1 + h R. 
oe L 



1 + 27 x 10" 6 3.9 x 10 3 



= 1.35kn 
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The equivalent small signal load resistance of the first stage: 



1 



R. . , -v = 1111 

Ll(a-c) »— + r— + n— + — 

K L1 K B2 K F2 r i 2 



= 917H 



The input resistance of the first stage: 



h ie + A e \ = 1.4 x IQ 3 + 2.3 x 10~ 2 0.917 x 10 3 
11 ' + h oe R L 1 + 27 x 10" 6 0.917 x 10 3 



r . , = 



1 .39kft 



The voltage gain of the second stage: 



A v 2 “ h 



h fe R L 



44 3.9 x 10' 



A"e R l + h . e 2.3 x 10" 2 3.9 x 10 3 + 1.4 x 10 3 



115 



The current gain of the second stage: 



A. a = 



44 



12 1 + h oe R L 1 + 27 x 10" 6 3.9 x 10 3 



39.8 



The voltage gain of the first stage: 



A . = -r 
vl . h 



h fe R L 



44 0.917 x 10 j 



A" e R l + h. g 2.3 x 10" 2 0.917 x 10 3 + 1.4 x 10 3 



28.35 



The current gain of the first stage: 



A,, = 



fe 



44 



1 1 + h oe R L 1 + 27 x 10 -6 0.917 x 10 3 



= 43 



The interstage voltage gain is unity. 
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The interstage current gain: 



A. 



i (interstage) 



r 

_e£ 




r i 2 



2.86 x 10 3 
4.21 x 10 3 



0.68 



Where: 






The pre-stage voltage gain: 



A 

v 



(pre-stage) 



. 0.452 

r eq g 1.5 x 10 J + 1.23 x 10^ 



Where: 



r ^ = r- + J- + r- 

r bi r fi r il 



The pre-stage current gain: 



_eg_ 



i (pre-stage) r eq + r n 



10.71 x 10 



3 



10.71 x 10 3 + 1.39 x 10 3 



0.886 



Where: 



The product of all the current gains which is total current gain: 

A i (total) = (39.8) (43) (0.68) (0.886) = 1030 
The product of all the voltage gains which is total voltage gain: 

A v(total) 



= (115) (28.35) (0.452) = 1474 
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The product of total current gain and total voltage gain which is total power gain: 



A p(total) " 0030)0474) - 1.518,220 

MODIFIED PARAMETERS FOR TRANSISTOR CASCADES: 



You must have noted that the exact analysis procedure using the hybrid parameters 
is rather an involved process when more than one transistor is in a cascade. This 
is further complicated by the fact that the transistors can be connected in numerous 
ways, therefore, calling for the parameters to be adjusted for a different configur- 
ation. For instance, the two transistors in Figure 36. These two transistors can 
be connected in any of the following ways: 

Common emitter to common emitter 

Common emitter to common base 

Common emitter to common collector 

Common base to common emitter 
Common base to common base 
Common base to common collector 
Common collector to common emitter 
Common collector to common base 
Common collector to common collector 




We have already established that if the hybrid equivalent circuit and parameters 
are used to represent the transistor, the equivalent circuit remains the same no 
matter what the configuration. Only the parameters are different when the con- 
figuration changes. Since this is the case, the equivalent circuit in Figure 37 
is valid for any connection of the two transistors in Figure 36. This is assuming. 
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of course, that the parameters for the proper configuration are inserted in the 
equivalent circuit when the gains and impedance levels are solved. 




Since there are three possible configurations for each transistor, the transistor 
pairs as shown in Figure 36 have nine possible connections. This is the three 
possible configurations of the transistors, raised to the power of the number of 
transistors in the cascade. Therefore, three transistors in cascade have twenty- 
seven possible connections, etc. 




It is possible to reduce the equivalent circuit in Figure 37 to that shown in 
Figure 38. This is done by combining the parameters of the two transistor cascade 
into one equivalent circuit. The formulas listed in Figure 39 allow the parameters 
for the individual transistors in a transistor cascade to be modified so that one 
equivalent circuit can be used to represent both transistors. It should be evident 
that this should only be used when the total effect of the circuit on an input sig- 
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nal ! s the desired analysis result. If individual values within the circuit are of 
interest, reducing the transistors to one equivalent circuit is not advantageous. 

The parameters inserted into the formulas in Figure 39 must be for the configuration 
that the individual transistor is in. The subscript 1 indicates the parameters for 
the first stage, and the subscript 2 indicates the parameters for the second stage. 
The parameters should also, of course, be modified using the equations in Figures 
30 and 31 if external or feedback components are present. 



i. f . , = h. - Hr 1 Hf l H ' 2 

,(eqU ' V) M !"Vh 0l h , 2 



\>(equiv) ° 



h r 2 hf 2 S 

2 1 + h oj h i 2 



-h c h 



V (equiv) 



f, "f 2 



. ♦ h 0) h| 



h_ h_ 

^r (equiv) = 1 2 



1 + h n h- 
o, i 2 



FIGURE 39 



The equivalent parameters can either be inserted directly into the hybrid formulas 
to solve for gain and impedance levels of the two transistor cascade, or if a third 
stage is present, can be lumped with the parameters of the third stage to further 
reduce the three-stage cascade to one equivalent circuit. 



Let's review that a moment now. If there are more than one transistor in a cascade, 
the equivalent circuit can be reduced to one hybrid equivalent circuit by modifying 
the parameters by using the equations in Figure 39. When more than two transistors 
are in the cascade, two can be lumped into equivalent cparameters and the lumped 
parameters used in the equations in Figure 39 with the parameters of the third 
transistor. These parameters can also be modified to take into account external 
series shunt or feedback components using Figures 30 and 31, and inserted, into the 
conventional hybrid equivalent circuit to solve for gain and impedance levels of 
the entire cascade. 
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TRANSDUCER GAIN: 




FIGURE 40 



Consider the circuit configuration in Figure 40. As previously discussed, the 
following equations can be used to analyze this common emitter circuit: 



Current gain, A = - ^ jp 

oe L 



h fe R L 

Voltage gain, A y = h “ 7“^ R ~ 

i e A e L 

h. + h R. 
ie A e L 

Input resistance, r. = | ~ h ^ 

oe L 



h. + R 

Output resistance, r = — r — ' ? . ^ 

o . n + n K 
A e oe g 



When the transistor is considered as a transducer between the generator and a load, 
the gain is: 



_ , . power out 

Transducer qa i n = . , , , 7 Z — 

a power available from generator 



Power available from the generator is = 

9 

Power Out 

Transducer gain (T.G.) = e 2 

9 

4R 

9 



63 



T.G. = 



i 2 R, 
out L 



4R 



T.G. 



4 i R. R 
out L q 



4 i 2 R. R 
t.g. = — ant — L_a 



'in' < R g + -,> 2 



i 2 j 4A. 2 R R 

-2^- A : 2 , so: T.G. - — 1 



. 2 " i 



i n 



(R g+ r,) 



and substituting in for A. and r.: 
Transducer gain (T.G.) = 



4R. R h- ' 
L g fe 



(R R. h +R + .h R +h. ) 
'gLoe g AeL le 



INSERTION GAIN: 



The insertion gain is the ratio of the gain with the transducer inserted to the 
gain without the transducer, or: 

transducer gain 

nsertion gam - g a > n w jthout transducer 
Output power without the transducer, as shown in Figure 41A, is: 




Gain without transducer = power ava ;, able from generator 2 R e 2 

q L g 

4R 

g 




If a matched condition exists where 
transistor input resistance (R = r 
output resistance of the transistor 
pi i shed . 



For H.A.G. to be accomplished, the 

R = r. and 
9 ' 
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Since r. is effected by R L> and r Q is effected by R^, 

R, and R for a matched condition yields: 

L 9 



the simultaneous solution of 



\ (matched) 



g (matched) 



' e 

" h oe 

’ oe 



If these values are inserted, the maximum power gain will be accomplished and can 
be calculated in terms of the transistor parameters only, and becomes a figure of 
merit for the transistor: 



Maximum Available Gain (M.A.G.) 





h >' /2 + 

oe 




M.A.G. 




Since the M.A.G. is in terms of the transistor parameters only, the M.A.G. of 
different transistors at a given operating point and frequency can be compared and 
used as an aid in selecting the right transistor for the right job. Operating 
frequency must be considered because M.A.G. will decrease as frequency increases. 
This will be discussed more thoroughly in the section on transistor high frequency 
characteristics and circuits. Equations will also be discussed that allow the 
calculation of M.A.G. at a given frequency. 
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APPROXIMATING INPUT RESISTANCE : 

When the transistor is in a common base configuration, the input resistance is that 
signal resistance seen from the emitter to ground or the common point. Any external 
resistance in series with the signal will, of course, increase the input resistance, 
but the signal resistance offered by the transistor can be approximated by the for- 
mula: 26 

r,. » ss n + bulk resistance in the base 

(i " pUt) E(ma) 

The magnitude of bulk resistance in the base can vary from a few tenths of an ohm 
to as high as 300 when seen from the emitter. Typical bulk resistances are shown 
i n Figure 42. 

BASE BULK RESISTANCE AS SEEN FROM THE FITTER 



High Power Transistors Typical High Performance Transistors 
0.10 to 10 10 to 5A 

Some Special Purpose and Low Performance Types 

50 to 300 

FIGURE 42 



The T equivalent circuit represents the base bulk resistance with the parameter 
r b as shown in Figure 43A. The base bulk resistance makes up part of h jb in the 
hybrid equivalent circuit as shown in Figure 43B . The typical value of r b shown 
in Figure 43A is 2000. It should be kept in mind that there is (0 + 1) more 
current flowing in the emitter as there is in r b . Therefore, the effective portion 

■" b 

of r b as seen from the emitter is ~ (q + ^ or, in the case of Figure 43A, with a 

0 of 100, the effective r b as seen from the emitter is 20. This is a typical value 
for medium power, high performance transistors. 
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T equivalent of a common base h equivalent of a common base 

amplifier amplifier 

0 = 100 

FIGURE 43 



If we were to approximate the input resistance of the transistor in Figure 43, as 
«r e> disregarding the bulk resistance would make little difference. Suppose, how- 
ever, that the transistor were operating at a d-c emitter current of 5ma. 



r rj 
e 



26 

1 E(m'a) 



5.20 



Now, the bulk resistance is becoming a significant part of the input resistance and 
cannot be disregarded. This is especially so when we consider approximating the 
input resistance as seen from the base of the transistor. 



Since there is approximately (0+ 1) times as much current flowing in the emitter 
as in the base lead of the transistor, any resistance in the emitter of the tran- 
sistor is magnified by approximately (0+ 1) when seen from the base lead of the 
transistor. The input resistance can be approximated as r^ (0 + 1) plus any 
effective bulk resistance in the base. The base bulk resistance is shown by r b in 
the T equivalent circuit of a common emitter amplifier as shown in Figure 44A. 

The value of r as seen from the base terminal is«r (0+ 1) or, in the case of 
the transistor in Figure 44A, 26260 . The input resistance is approximately 26260 
plus the bulk resistance r b of 200fi, or 2826fi. The bulk resistance is included in 
h. e in the hybrid equivalent circuit. 
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h V 





T equivalent of a common h equivalent of a common 

emitter amplifier emitter amplifier 

0=100 FIGURE 44 



Notice that disregarding the bulk resistance, the input resistance in Figure 44A is 

26 

only off by 2000 in 28260 when the emitter d-c current is lma (i.e. = r e = 2(£l ) • 

26 

however, when the d-c emitter current is 5ma (i.e. = r g = 5-20), the product of 

r and (0+ 1) gives an approximate input resistance of 5250 when the bulk resis- 
tance is disregarded, and an input resistance of 7250 when the bulk resistance is 
included. In the latter case, the bulk resistance just cannot be disregarded when 
approximating the input resistance. 




Let's approximate the input resistance of the common collector configuration in 
Figure 45. The base of the transistor is at +6v d-c with respect to ground. Dis- 
regarding any emitter-base drop on the transistor, we can say that the emitter is 
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approximately +6v d-c with respect to ground. The 6v must be dropped across the 
1.5kft emitter resistor requiring approximately 4ma of d-c emitter current. Once we 
have established the approximate emitter current in Figure 45, we can approximate 



26 



I 



E(ma) 






6.5n 



Assuming 2fi of bulk resistance, the input resistance at the emitter is approximately 
8.50. This is increased by the factor {0 + 1) as seen at the base. Therefore, the 
transistor internal resistance as seen at the base is approximately: 

(0+ 0 8.50 ~(91) (8. 511) «773.5n 



The 1.5k emitter resistor is also seen from the base and magnified by the factor 
(0 + 1). Therefore, the total input resistance is the sum of the internal and ex- 
ternal effective resistances or: 

773.50 + (0 + 1) I.5k0 «137.27kO 

If we had neglected the internal resistance of the transistor, the input resistance 
would have been approximated as: 

(0 + 1) 1.5k«l36.5k 

From this, it can be seen that when the emitter circuit contains a resistor much 
greater than r e> the input resistance can be approximated as the product of (0 + 1) 
and this external resistor in the emitter circuit. 



To apply the approximate input resistance approach, consider the circuit in Figure 
46. Let's approximate the input resistance of the common base transistors, 0.1034, 
01044, Q 1 1 44 , and Q 1 1 54 . Notice the voltage readings at the base of 01163, and at 
the collector of 01144 indicate that 3.2v is being dropped across R 1 142. This re- 
quires a collector current in 01144 of approximately lOma. A little investigation 
will show that the same is true of 01154. 



r 

e 



E(ma) ,0m ' 



« 2.6n 



for both 01 144 and 01 154 



The bases of these transistors are placed at small signal ground by capacitor Cl 153; 
therefore, the input resistance at the emitters is approximated by adding 2£l to r g . 





FIGURE kS 
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The 2ft is the assumed bulk resistance in the base of these high performance, medium 
power transistors. The input resistance as seen at the emitters of Q1144 and Q.1 1 5^+ 
is approximately 4.6ft. Notice L1030 and LI040 see resistors RII41 and R1151 in 
series with the transistors input resistance. These coils see 88.7ft in series with 
the approximated input resistance of 4.6ft for a total of 93.3ft. L 1 030 and L1040 
are 1 86 ft coils, 93ft per side. The series resistors R 1 1 4 1 and R1151 and the input 
resistances of the transistors must terminate the left end of the coils, while the 
170 nsec transmission line and its terminations terminate the right end of coils 
L1030 and L1040. (The 170nsec delay line is 93ft per side.) The sum of 88 . 7 ft and 
our approximated input resistance of 4.6ft is a total of 93.3ft, which indicates that 
our approximations are very close. 

Inspection of the voltage measurements on Q.1034 and Q1044 will indicate that they 
too have emitter currents of approximately lOma, which gives an input resistance of 
approximately 4.6ft and in series with 88 . 7 ft, properly terminate the 170nsec delay 
line. We will investigate this circuit further .later in this volume. It is a 
portion of the vertical amplifier in the Tektronix Type 547 oscilloscope. 

Consider the circuit configuration in Figure 47. The resistor R p is supplying 
both a-c and d-c feedback. A portion of the output voltage is fed back to the in- 
put. If we assume that the a-c feedback is 180° out of phase, it should increase 
the input resistance. If we assume that R p is an open circuit and calculate the 
voltage gain with R p open circuited, we can then approximate the input resistance 
wi th the equat ion: 

r i (feedback) * r i (1 + K V 

Where: , 

r i (feedback) = d V nam,c ,n P ut res 1 stance wi th feedback 

r. = dynamic input resistance without feedback 
K = feedback factor 

A v = absolute value of voltage gain without feedback 

For the circuit configuration in Figure 47, Rp and Rg are a voltage divider, and 
the feedback factor can be found by: 
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The formula: 



+V 

cc 




FIGURE 47 

r i (feedback) ® r i (I + K V 



is valid where the feedback is negative such as in Figure 47. When the feedback 
is pos i t i ve . the input resistance is reduced and can be approximated by the ex- 
press ion: 



r i (feedback) a r i <’ * K V 



and the symbols have the same meaning as before. 



APPROXIMATING VOLTAGE GAIN: 



If the assumption is made that collector and emitter current are nearly equal 
(assuming a= 1, and/9=oo), then the same current is flowing through the collector 
load resistor as is flowing through any internal and external resistance in the 
emitter. Consider the transistor in Figure 48. With an emitter current of 9ma, 
the value of: r ^ 26 ~ 2 SQ 

e *E(ma) 

Assuming the transistor is a medium power, high performance transistor, add « 20 
for base bulk resistance, and the approximate emitter resistance is slightly less 
than 50. Assuming the same signal current flows through this dynamic emitter re- 
sistance as flows through the collector load, the voltages will be proportional to 
the resistances involved. With no external resistance in the emitter signal path, 
the input voltage is distributed across the dynamic emitter resistance just approxi- 
mated. Since we have assumed the same signal current through the dynamic emitter 
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resistor and the collector load resistance, the ratio of the collector load resis 
tance to the dynamic emitter resistance is an approximation of the voltage gain of 
the amplifier. In the case of the transistor in Figure 48, the collector load is 
the parallel resistance of IK R L> and the IK load circuit, or 500ft. We approximated 
the dynamic resistance in the emitter as: 

2.9 ft (r g ) + 2ft (base bulk resistance) ~ 4.9ft 



The approximate voltage gain is: 



A « 
v 



R 



r 

e 



(a-c) 



+ R 



bulk 



500ft 

4.9ft 



« 102 




Now consider the circuit in Figure 49. With the same emitter current as the tran- 
sistor in Figure 48, the dynamic internal resistor is the same. The external re- 
sistor R fi must also be taken into account, however, and the approximation for vol- 
tage gain becomes: 



R l (a-c) 
A v ~ r + R 



U II + R 

bulk e 



and for the configuration in Figure 49: 



A „ £00ft 

v 2.9ft + 2ft + 50ft 



« 9.1 



Completely neglecting the internal dynamic resistance, the voltage gain of the con- 
figuration in Figure 48 is: 



r l (a - c) ~500 

R ~ 50 



« 10 
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+ 




We might say that when R is much greater than r , 

0 0 

mated by: 



A « 
v 



R L (a-c) 



the voltage gain can be approxi- 



For a bit of review, approximate the input resistance (seen from the base) of the 
transistor in Figure 4g before reading on. 



The input resistance as seen from the base in Figure 49 is: 

r l “< r e +R bulk +R .> ((J + '>»3.35kn 

Consider the configuration in Figure 47. Here negative feedback is also reducing 
the voltage gain of the amplifier, and the voltage gain with feedback can be 
approximated by first assuming that Rp is open circuited and determining the vol- 
tage gain without feedback and applying this to the equation: 

A 

A ~ v 

v(feedback) ~ 1 + A y K 

Where: ^ v (f eec jback) = vo * ta 9 e 9 a ' n with feedback 

A = absolute value of voltage gain without feedback 

K = feedback factor 



I n 



Figure 47, the feedback factor can be found by solving the voltage divider of 
and R b : Rg 

K " R F + R b 
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If the feedback is positive , the voltage gain can be approximated by the equation: 

A 

A ~ v 

v(feedback) ~ 1 - A v K 

and the symbols have the same meaning as before: 



EXAMPLE OF ESTIMATING INPUT RESISTANCE AND VOLTAGE GAIN: 



Figure 50 is the A signal out amplifier in the Tektronix Type M, four-trace pre- 
amplifier. Among other things, it provides a triggering signal to allow a reference 
when viewing multiple trace displays on a Tektronix oscilloscope that accepts letter 
series plug-in pre-amplifiers. 



We might start an approximate analysis by approximating the d-c emitter currents of 
the two transistors. Since voltage readings are given, we will use these to facili- 
tage the analysis. 



05344 has 0.9v dropped across its collector load resistor, R5351. If we disregard 
base current from 05354, we can approximate the emitter current of 05344 as: 





We will assume that the emitter current of 05344 is approximately 0.6ma. The 
emitter resistor of 05354 has 0.6v dropped across it, and we can approximate the 
emitter current by: 

0.6v . 

T5on “'"" a 



We will assume the emitter current of 05354 is approximately 4ma. 
values, we can approximate r ^ for both transistors. 



r e (05344) 



26 ^ 26 
1 E(ma) °- 6ma 



430 



Knowing these 



r (05354) » “ 6 - 5n 

E(ma) 

The effective external signal resistance in the emitter of 05344 is the parallel 
resistance of R5352 and the series leg of R5355 and R5354. This is illustrated in 
Figure 51- The effective signal resistance in the emitter is 1150 (R £ ) . This re- 
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sistor R5354 is assumed to be at design center (the middle of its range, 2500) 
and returned to ground (the + 12 . 6 v d-c supply is at a-c signal ground potential). 





To approximate the input resistance at the base of Q5344, we can use: 

r. ~(r + r , . + R ) (0+1) 

in e bulk e ' 

Typical 0 of an N-101 at 0.6ma is 70, therefore: 

r. n (Q5344) « (430 + 20 + 1150) (70 + 1) 

r. (05344) « 1 1 ,36kO 
i n 

The same approximate expression can be used for Q5354. C5355 can be disregarded at 
the low frequencies; therefore, R g is 1500. Typical 0 of a PADT-35 at 4ma is 200, 
therefore: 

r . n (Q5354) « (6.50 + 20 + 1500) (200 + 1) 
r - n (05354) « 31 .86kO 



The voltage gain of the two stages can be approximated with the expressions: 

R L (a-c) 



A «- 
v r + r 



+ R 
bulk e 



The a-c load resistance of 0.5344 is the parallel resistance of the resistor R5351, 
and the input resistance of 05354, as shown in Figure 52. The parallel resistance 
is approximately 1.43k, therefore: 

A v (05344) ~ 4 3n + 2 fi~+ 11 5 Q ~ 8 -95 
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i 1 




FIGURE 52 



The a-c signal load resistance of 05354 is the parallel resistance of R5358 and 
R5359. as shown in Figure 53; therefore: 




a-c signal ground) 

FIGURE 53 

There is one more gain that cannot be neglected. Resistor R5350 drops some of the 
signal voltage before it reaches the input of 05344. The input resistance 05344 
and the resistor R5350 can be treated as a simple voltage divider, as shown in 
Figure 54. Therefore, the pre-stage voltage gain is: 



v(pre-stage) 



r |n (Q.53V+) 



R5350 



- toIe - °- 88 " 



The product of these three gains is the total gain of the amplifier: 

A , ~ A , „ % x A (05344) x A (0.535*0 

v(total) ~ v(pre-stage) v' v 



A v( total) » (0 - 884) (8 - 95) (17 * 2) * 136 
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r . e. 
in in 

e out “ r. + R5350 
i n 



e r . 

out _ . in 

e. v * r. + R5350 

in in 



FIGURE 5 1 * 



Now, from the waveforms given in Figure 50, let's check our work. The waveform 
shown at the input to the amplifier shows a square wave 1.2 major divisions in 
amplitude with a measurement sensitivity of 0.05v/cm (major divisions). This is an 
input signal of 0.06v. The waveform at the output is a square wave of 1.6 major 
divisions in amplitude with a measurement sensitivity of 5v/cm (major division). 
This is an output voltage of 8v. 



The voltage gain is: _ 

. e out _ 8v _ ... , 

v( total) e. " 0.06v 
i n 



Our approximations set the voltage gain at 136, plenty close enough to note abnor- 
mal ties in the amplifier when making measurements. 



APPROXIMATING OUTPUT RESISTANCE: 



We have formulated an exact expression for output resistance of a transistor as: 

h. + R 
r -l 

° A h + h R 
o g 



Where: , 

a = h. h - h, h , and R = resistance of the driving generator 
i o t r g 



i 
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This equation is valid for any configuration if the parameters for that configur- 
ation are inserted. 



COMMON EMITTER: 



Considering the common emitter configuration, the output resistance will decrease 

when R is varied from zero to a value greater than h. (note: r (0 + 1) + r, 

9 1 0 " u 

when dealing with the T equivalent circuit) This is illustrated in Figure 55. 

When R becomes greater than h. g , the output resistance of the common emitter stage 

can be approximated as: 




FIGURE 55 



COMMON BASE: 



Note in Figure 56 that the output resistance of the common base stage increases 

with an increase in R . Below R = h.. , the output resistance can be below 100k. 
g g ib 

When R is greater than r + r. , the output resistance can be an order of magnitude 
9 e b 
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larger, perhaps a megohm. If R g is greater than r g + r b> the output resistance can 
be approximated as: 

R g yy r b + r e' r o(common base) « f— - « r^ 

n ob 

One might interpolate at the lower values of R g if the desired answer need not be 
too close. 




COMMON COLLECTOR OR EMITTER FOLLOWER : 

Since any resistance in the base lead of the transistor is seen from the emitter, 

modified by the factor (l - <*) (this is the same as dividing by [0+ l] ) , the value 

of R will have a large effect on the output resistance of the emitter follower. 

When the input generator resistance is less than h. e (note: r fa + [0+ l] when 

using the T equivalent circuit), the output resistance is approximately equal to 

h (note: r + r. fl - when using the T equivalent circuit). When R is 

ib e b *- y 

greater than h. g , the output resistance is: 

R 

R g » h ie but P o( common collector) ~ 0+ 1 

J ob 
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When R becomes greater than (note: r for T equivalent), the output resistance 

9 h ob C 

becomes : 

"g y> ° r » V r o (common col lector) IT" * r d *> r c (1 ’ “ > 

3 ob oe 

This is illustrated in Figure 57. 




FIGURE 57 



APPROXIMATING OUTPUT RES I STANCE WHEN THERE IS FEEDBACK: 

Consider the configuration in Figure 58. This is referred to as current feedback. 
This is because the signal current through R^ is being sampled to develop a feed- 
back voltage. When this is the case, the output resistance can be found by: 

o(feedback) o fb v 



Where: 



r o(feedback) = out P ut resistance with negative feedback 
r Q = output resistance without feedback 
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= current sampling resistor across which the feedback is developed. 
A y = voltage gain without feedback 




Of course, r Q and without feedback can be approximated and inserted in these 
equations making them approximate expressions. When the output voltage is not 
directly sampled to obtain feedback, chances are the feedback is current feedback. 



+V 

cc 




Now consider the configuration in Figure 59. The output voltage is directly 
sampled for feedback, and this is referred to as voltage feedback. An increase in 
the output impedance was evident with negative current feedback; however, we will 
find a decrease in output resistance with negative voltage feedback. With negative 
voltage feedback such as shown in Figure 59, the output resistance is: 

_ r o 

r o(feedback) 1 + A v K 
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Where: 



r o(f edback) = output res i stance with negative voltage feedback 

r = output resistance without feedback 
o 

= absolute value of voltage gain without feedback 
K = voltage feedback factor 



R 2 

For the configuration in Figure 59. K = . R ; therefore, 

*1 z 



r 



o(feedback) 




)U I VALENT CIRCUIT EQUATIONS: 



We have formulated the gain and resistance equations for the hybrid equivalent cir- 
cuit when it is used in place of the transistor for analysis and design purposes. 
Therefore, we will not formulate the equations for dealing with a circuit configur- 
ation with the T equivalent circuit, but simply list them. If you need further 
validation, you might approach the T equivalent circuit writing Kirchhoff equations 
as we did with the hybrid equivalent circuit previously in this volume. 




NOTE: 



FIGURE 60 
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Voltage gain A = 



(0r d - r e ) \ 



r e (r b + 0r d } + (r ° + r ^ ) (r ^ + R ' 



b ' v d ‘V 



Current gain A. = ^ r d r e 

1 r + r J + R i 

e d L 



. r (r. + (3r .) + (r + r. ) (r . + R. ) 

Input resistance r. = e b d_ e b d L 



r + r . + R. 
e d L 



Output resistance r = ^d_ 



(R_ + r u + r^) + r^ (R„ + r fa + 0r d ) 



b e e 

R + r. + r 
g b e 



THE COMMON BASE T EQUIVALENT CIRCUIT: 




FIGURE 61 



Voltage gain A = 



R L (r b * ° r c ) 

r b [ r c C + R l] + r « <r b + r c + V 



Current qain A. = r b + ar c 

' r K + r + R. 
b c L 



Input resistance 



r. = r b [ r c (l 



>l] + r e <r b + r c + R L> 



r. + r + R. 
b c L 



r 
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Output resistance r Q 



r. (R + r -ar ) + r (R + r. + r ) 
b v q e c c q b e 

R + r. + r 
g b e 



THE COMMON COLLECTOR (EMITTER-FOLLOWER) T EQUIVALENT CIRCUIT : 




r d (0+ D 

Current gain A. = - — — — jp 

e d L 



r (r + r . + R. ) + r . (0 + 1) (r + R. ) 
Input resistance r. = b e d L d e L 

_ l . x n 



r + r , + R. 
e d L 






_ . r f R + r. + r . (/3 + 1 )1 + r. (R + r. ) 

Output resistance r = eLq b d J d g b 

° vv r V ffTi > 



INTERRELATIONSHIP BETV/EEN THE MODELS AND PARAMETERS; 



As previously discussed, most of the parameters and functional models presently in 
use for analysis of low frequency, small signal amplifiers are all based on the 
incremental measurements made on the black box, such as shown in Figure 63. 
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0 

1 

o- 



BLACK BOX 



FIGURE 63 



o 2 



2 

O 



Figure 64 is a cross reference that allows any parameter that is based on measure- 
ments on the black box in Figure 63 to be found if the parameter is given in a 
different form than desired. For instance, suppose the manufacturer's specification 
sheets list the g parameters and the parameter h ^ is needed. h ( j is equal to 
922 

from the relationship shown in Figure 64. If the Z parameters are given and 

A9 

h 2] is required, h 2) = 2J_. Figure 64 allows a more flexible analysis when the 

Z 22 

parameters provided by several manufactueres must be relied on. To further en- 
hance the conversion process, Figure 65 lists the determinants (A) in terms of the 
various parameters. As an example, suppose the y parameters are given and the 

determinant of the hybrid (h) parameters is needed. = y 22 

y ll 



A-C ANALYSIS OF TWO-SIDED CIRCUITS: 



Figure 66 shows a differential amplifier and its hybrid equivalent circuit. This 
equivalent circuit is for low frequency, small signal operation. The same hybrid 
equivalent circuit is used for the transistors as previously discussed, but the ex- 
ternal emitter resistance, which is common to both, is placed common to both in the 
overall equivalent circuit. Kirchhoff's equations can be written to simplify the 
analysis. The equation for the transistor Qj input loop is: 

1 bl gj bl lel rel cel x e 
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PARAMETER INTERRELATIONS 
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DETERMINANT INTERRELATIONS 
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The equation for the 0 2 input loop is: 



e 2 " 'b2 R g2 + 'b2 h Ie2 + h re2 V ce2 + ®x % 



Where the current i is: 

x 



'x - 'el + 'e2 



Where i , and i . are the a-c emitter currents of Q., and Q. and can be found by the 
el eZ i z 



equations: 



'el * 'bl (h fe + '> 
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'e2 = >b2 < h fe + '> 



Transposing the input loop equations to solve for i^j and i b2 : 



. e, - h , v . - i R 

i, , = 1 rel cel x e 

bl — i.th. , 

gl lel 

. e„ - h _ v _ - i R 

i, „ = 2 re2 ce2 x e 

62 V + b ie2 



The circuit in most cases is long-tailed (synthesized constant current source) for 
stability and the external emitter resistance is much greater than the output resis- 
tance at the emitter, and (h^ + 1) R is much greater than R + h re V ce (for either 

i |j 

input loop), and the equations for i b become: 

. e i ~ e 2 

1 bl “ h . v , h . v . 

R . + R ,+ h. . + h. - + re !- c * ' + re2 Ce2 
gl 9 2 .el 1 e2 b ', ' b2 



e 2 ~ e l 

h v . h . v . 

R„ + R.+h. _+h. , + re2 - ^ e - 2 + - r - 4 - ^ 
g2 gl 1 e2 .el < b2 i bI 



Typically, the expression: 



h i v i 
rel cel 



7 — — « R . + h. . and 
I. , ^ gl .el 



« V + h ie2 



and the equations simplify to: 



e, - e 2 



bl R . + R _ + h. . + h. - 
gl g2 lel >e2 



e 2 ~ e l 

' b2 “ R , + R . + h. - + h. , 
g2 gl ie2 lel 
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And for the balanced circuit with equal Input generator resistances: 



L, = e 2 ~ e l 

2 < R g + h ie> 



The expression for current gain is: 

A, = h fe 

1 1 + h R. 

oe L 



Therefore, the expression for output current is: 



o2 



'fe 



1 + h R. (I b2^ 
oe L 



Output voltage (e Q ) is expressed as: 



1 + h^ R, (I b2 ) R L 
oe l 



Therefore, substituting for l b2 : 



/ h fe R L \f e 2 ~ e l \ 

V + h oe r lA R q2 + R gl + h le2 + h lel/ 



g2 gi 



And with a balanced circuit with equal generator resistances: 



/ h f. R L V *2 • e l \ 

v , + h 0 . r lA 2 C g + h I .>/ 



Where the output is determined by the product of the amplifier gain and the differ- 
ences in the input signals and is shown by: 



e 2 " e l 



2 e o (I + h oe V (R c + h ie } 



h- R. 
fe L 
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IN PUT RESISTANCE : 

The input resistance for the configuration in Figure 66 can be found by dividing the 
input voltage by the input current. As an example, assuming a balanced circuit: 



r . „ = — — = / e 2 ~ e l \ = 

' b2 ' 2 < R q + "tj' 



2 e. (R + h. ) 
l q i e 



e 2 - e ! 



You will note that we have been doing nothing but applying basic theorems, Ohm's Law, 
Kirchhoff's Law, and hybrid equivalent circuits to a two-sided configuration. Once 
the equivalent circuit has been established and the parameters inserted, Kirchhoff's 
equations can be written and the circuit solved as if we were solving a simple 
linear configuration. We should also keep in mind that most of the approximations 
that we have previously discussed can be applied to the two-sided configuration, 
once we have established the equivalent circuit. We can apply the exact approac h 
that we have just been discussing or apply the approximate analysis approaches . 



THE EMITTER COUPLED PARAPHASE AMPLIFIER: 



Figure 67 shows the emitter coupled paraphase amplifier and its hybrid equivalent 
circuit for low frequency, small signals. Once again we can assume, for a practical 
circuit, that it is long-tailed (synthesized constant current source) and: 



(h, + 1) R » h. + R and 
' fe ' e '' le q 



h re.Ice « h. e + R c 

i. 



Therefore: 



and : 



. . ^ I 

1 b 1 ~ 'b2~ R + 2 h. 

g le 



(assuming a balanced circuit) 



' (' + 0 <!b,) -(' + ^ R L )(v^ h !e) 



h, e, 
fe 1 



.1 “ (1 + h R. ) (R + 2 h. ) 
oe L' q le 



r 
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FIGURE 67 
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Solving for the output voltage: 

h f e. R. 
fe 1 L 

ol ~ (1 + h R. ) (R + 2 h. ) 
oe L' g le 

Note in Figure 67 (assuming a balanced circuit), the drive to transistor ' s the 
same effective magnitude as that to Qj , but that the two drives are l 80 ° out of 
phase. A signal one-half the amplitude of that applied at the input terminal of Q.| 
will appear across R g , and the amount of emitter coupling is 0.5 with a long-tailed 
(synthesized constant current) circuit. The effective drives seen by each side is 
one-half the drive at the input (A-B) in Figure 67 and, assuming a balanced circuit, 
e Q j and e^ will be equal in magnitude, but 180 ° out of phase. 

Once the equivalent circuit of the emitter coupled paraphase is established, the 
basic laws and theorems can be applied to its solution. The approximate analysis 
approaches discussed earlier can also be applied to the emitter coupled paraphase 
ampl if ier. 

Figure 68 shows the emitter coupled paraphase with two long-tail resistors in 
the emitters and a variable resistor, Rj added as a gain control between the two. 
Figure 68 also shows the hybrid equivalent circuit of this configuration and illus- 
trates how Rj can serve as a gain control. 

If Rj is set at Ofl, the same considerations are true as were true in Figure 67, and 
the same analysis approach would apply. When Rj is not at Ofi , the equivalent cir- 
cuit in Figure 68 applies, and the equation for i^ becomes: 

fl 

'bl * 'b2» R g + 2 h. e + R, (h fe + I) 



Therefore, the output current is: 



’(' + h 2 R L) ( ' b,> ‘ (' + R l )( R 9 + 2 h il + °Ve + ’> R i ) 



And the output voltage is: ^f e e i \ 

e ol = (1 + h R. ) (R + 2 h. + (h f + 1) R]) 
' oe L' q le fe 1 
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Indicating that i and the output voltage will be inversely proportional to the 
o 

resistance setting of R ( (actually the value of Rj is magnified by +1). R 2 is 
the d-c balance control to insure that both sides of Rj are at the same d-c level 
at any setting of Rj. If this is not so, d-c current will flow through Rj , and 
Rotating Rj will present a d-c signal to the amplifier and result in a d-c shift 
of the level of the output of the amplifier. The equation for a mid-range value 
of R, for a desired value of output voltage when the Input voltage ej is known, 
the preceding formulas can be transposed to read: 




FIGURE 69 
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Figure 69 shows Rj in conjunction with an RC network being used to frequency compen- 
sate the emitter coupled paraphase amplifier. This type of compensation can be used 
with any of the two-sided configurations; however, it is shown here as an example 
with the emitter coupled paraphase. We have already shown that R ( , when placed in 
the circuit, can be used to reduce the gain of the amplifier. If Rj is in someway 
shunted at a different frequency (it's resistance effectively reduced), the gain 
at that frequency is increased (referring to the gain of the overall amplifier). 

At the higher frequencies, the reactance of Cj is reduced, and the resistance of 
R^ in series with the reactance of Cj shunts Rj. At the lower frequencies, the 
reactance of C ( is fairly high and most of R| is effectively in the circuit. We 
have already discussed that the transistor's gain at the higher frequencies is re- 
duced when no compensation is added, and the reduction is similar to an RC roll-off 
of gain with frequency. The insertion of Cj and R^ , shunting R j , in Figure 69 
results in an increase in the gain of the amplifier at the higher frequencies over 
its gain at the lower frequencies. The overall result is a more uniform gain from 
d-c to some high frequency when using Cj and R^ as a frequency compensating network. 
Of course, the results at the lower frequencies are a loss of gain over a configur- 
ation that does not use Rj at all. You will find, however, that most design con- 
siderations for transistor amplifiers where a constant gain is desired will have 
some feedback component to stabilize the gain regardless of the transistor's para- 
meters. The gain might possibly be determined by the ratio of the load resistance 
to R| in such a configuration as shown in Figure 69 . Therefore, small differences 
in the transistor parameters will have little effect on the gain of the ampl if ier . 



PUSH-PULL AMPLIFI ER: 



Figure 70 is a schematic diagram of a push-pull amplifier and its hybrid equivalent 

circuit. The circuit is long-tailed (constant current source synthesized) for a 

h v 

practical circuit, and (h^ g + 1) R g is much greater than h. g + R ; and re ce 

* L 

is much less than h. + R . 0 

1 e g 



Assuming a balanced circuit: 



e, + e 2 



' b 1 ~ 1 b 2 ~ 2 R +2 h. 

g 1 e 
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and: 



and: 



h fe 

Output current I , = , + h e R O b1 ) 

oe L 

h e 

i - — ( | ) 

o2 “ I + h R. u b2 ; 
oe L 



h fe 

Output voltage e Q = j + — p— (1^) R L 

oe L 



e 

o 



e 



o 



h fe / e l + e 2 

1 + h R. 2 R + 2 h 
oe L \ g 




h fe R l (e, + e 2 ) 

(' + h „e V < 2 R o + 2 




The a-c voltage on R g is: 





+ i 




The two a-c emitter currents are equal In amplitude and l80° out of phase, assuming 
a balanced circuit operating in a linear region. The a-c voltage at the emitters 
is zero. A signal at the emitters would Indicate unbalance In the circuit. The 
gain control, d-c balance, and frequency compensation previously discussed Is 
commonly used with the push-pull amplifier as well. In the linear region of oper- 
ation, the emitter signal is 0 if the signal is balanced, and the two sides can be 
treated as separate common emitter amplifiers. If the circuit Is used class B 
(both transistors operating quiescently at cut-off), the emitter will have to be 
bypassed, or R g treated as a feedback component. 

TRANSISTOR d-c CONSIDERATIONS: 



Bias S tab i 1 i ty : 

We have already discussed that the currents and voltages in the transistor will 
change as the surrounding temperature changes. The current is related exponentially 
to the temperature and the applied voltage. These changes within the transistor are 
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due primarily to the formation of more hole-electron pairs with an increase in 
temperature or the recombination of hole-electron pairs with a decrease in tempera- 
ture. This, of course, increases and decreases the number of minority carriers 
available in all parts of the transistor. 

These temperature changes can originate internal or external of the transistor. 

The change in the surrounding air temperature can result in a change of the number 
of hole-electron pairs in different parts of the transistor, or a change in the 
power being dissipated by the transistor can change the junction temperature. In 
normal amplifier action, the power dissipation and consequently the heat is generated 
at the collector junction. This is due to the product of collector voltage and 
collector current being generally much greater than the product of emitter current 
and emitter voltage. In a few cases, where considerable base current is flowing, 
the emitter junction heat must be taken into account. 



The total change in temperature that the transistor can encounter can be calculated 
by determining the maximum ambient temperature that might be expected and adding 
this to the product of a transistor's thermal resistance, Junction to ambient 
(0 JA ) , and the collector power dissipation. Collector power dissipation can be the 

product of the average collector current and collector voltage, or when dealing 

with switching circuits and pulse amplifiers, the peak power dissipation is the 

product of the peak current and voltage. The thermal considerations and thermal to 

electrical analogy previously discussed, applies here as well. 



Since the parameter considerations will vary with the change in the d-c operating 
point, it is essential in all amplifiers to hold the quiescent d-c operating point 
as stable as possible. Of course, thermal compensation in semiconductor d-c 
amplifier circuits is one of, if not the prime consideration, in design. 



In general, the greatest problem with thermal instability is encountered in the 
common emitter configuration. A transistor in a common base configuration has the 
base at ground potential and the current, as a result of thermal generated minority 
carriers, is the current 1 CBO * *CB0 * s the current collector to base with the 
emitter d-c open circuited. In other words, this is simply the diode saturation 
current of the collector base junction at a given temperature. The current I 
is limited by the number of minority carriers adjacent to the reverse biased 



I 
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collector junction. The current l CBQ is primarily limited by the number of minority 
carriers in the base since it is the more lightly doped of the two sides of the 
junction, and can be a relatively small value at room temperature. 

If the base is d-c open circuited, and the emitter is not open circuited, the reverse 
voltage applied to the collector junction will also be applied to the emitter-base 
junction. The voltage applied to the collector junction will reverse bias the 
collector junction; however, this same voltage will forward bias the emitter-base 
junction. This is illustrated in Figure . We wi 1 1 find that the number of minor- 
ity carriers in the base under these conditions will be increased by approximately 
the d-c beta of the transistor. In other words, we now have beta times the minority 
carriers available in the base as we did in the situation where the emitter was d-c 
open circuited, and the collector voltage was applied between collector and base., 
Since the current is related to the number of minority carriers adjacent to the 
junction, and the number of minority carriers in the base has been increased by 
approximately the d-c beta of the transistor, we might say that the current, 
collector to emitter, as a result of thermally generated carriers, is approximately 
beta times the current collector to base as a result of thermally generated carriers 
(this assumes the base is d-c open circuited so that all of the minority carrier 
current must take the path of the emitter-base junction). A deeper coverage of 
currents and voltages in a semiconductor junction can be found in the tables in 
Volume 6 of this series. 




FIGURE 71 
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It can be seen that the transistor currents and voltages in a common base configur- 
ation will vary as the exponent containing temperature varies. In the common 
emitter configuration, however, if the base is a high resistance or near open cir- 
cuit, the current and voltage changes can be magnified by approximately the beta 
of the transistor when the temperature changes. The common collector configuration, 
having its load resistance in the emitter lead, has sufficient d-c feedback to 
maintain control of the current with temperature variations. Transformer coupling, 
of course, would aid the problem of thermal instability by keeping a low d-c resis- 
tance in the base circuit of a common emitter configuration. 



TEMPERATURE SENSITIVE DEVICE STABILITY : 

Temperature sensitive components may be used to stabilize the operating point. 
Figure 72 shows a thermistor being used to stabilize the d-c operating point. A 
thermistor is a resistor with controlled negative temperature coefficient of resis- 
tance. That is, the resistance of the thermistor will decrease at a predetermined 
rate with an increase in temperature, and vice-versa. 




An increase in temperature, of course, increases the minority carrier current 
(thermally generated), increasing the collector current. With a high resistance 
in the base lead, the current is magnified by approximately the d-c beta of the 
transistor. This current can be considered to be approximately Iq^q- In the 
circuit in Figure 72, however, as the temperature increases, the resistance of a 
thermistor decreases, maintaining a near constant V D c on the transistor, and holding 

D t 
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the collector current down. The disadvantage of the thermistor is that its resis- 
tance does not change exactly as the resistance of the emitter-base junction 
changes with temperature and, therefore, does not track exactly across temperature 
range. The thermistor typically loses control around 75°C, where large changes in 
minority carrier current occur in a germanium transistor. In a silicon transistor, 
the initial thermally generated minority carrier current is typically low, and the 
thermistor will track to a higher temperature. Figure 73 shows a temperature sensi- 
tive device that has much the same action as the thermistor, but will more closely 
track the emitter-base junction changes across the temperature range. 




In Figure 73, the thermistor has been replaced with a diode similar in construction 
to the emitter-base junction. The diode, of course, will track the emitter-base 
junction more closely across the temperature range and accomplish much the same job 
as the thermistor did in the previous example. 




FIGURE 74 
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If additional thermal compensation is desired, a circuit such as shown in Figure 
74 can be incorporated where two diodes are being used to thermally compensate 
the emitter-base junction. The second diode D^, taking over at the higher tempera- 
tures since its leakage current, will be very low at the low temperatures. 

As an example of using a diode for temperature stabilization, consider Figure 75. 
Figure 75 shows circuitry out of the Spectrum Analyzer plug-in for Tektronix oscill- 
oscopes, which accept letter series plug-ins. Diode D201 temperature compensates 
a string of transistors. Figure 76 shows an equivalent d-c circuit of the diode 
and transistors involved. My thanks to Chuck Miller of Tektronix, Field Training, 
by the way, for the diagram in Figure 76. Diode D201 temperature compensates the 
emitter-base junction of Q205 and, as a result of the d-c feedback involved, tem- 
perature compensation is accomplished for the other transistors as well. 




FIGURE 76 1 1- 16-64 dl 



LONG-TAILING: 



One very good method, of course, in controlling the current in a transistor with 
changes in temperature is by synthesizing a constant current source, or what is 
generally referred to at Tektronix as long-tailing. Notice in Figure 77 that, with 
the base of the transistor set at a given voltage, the emitter must follow if the 
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transistor conducts. The emitter is returned to a fairly large voltage through a 
large resistance. Since the emitter must follow the base, the emitter voltage is 
pretty well set by the base level and, therefore, the resistor in the emitter must 
drop the voltage. The voltage that must be dropped across resistance in the emitter 
divided by its resistance, will determine the emitter current. This is nothing more 
than supplying current to the transistor with a very high impedance source (constant 
current source) . 

Disregarding resistors R 1 38 , R 1 39, R148, and R149 in Figure 77 (they have no d-c 
current through them), current for transistors Q.1 34 and Q144 is supplied through 
R 1 36 , R 1 35 , and R 145 . This is a typical example of using long-tailing for d-c 
stability. Resistors R 1 38 , R 1 39 , R148, and R149 serve to control the gain of the 
amplifier, and were formulated in the section covering a-c analysis of two-sided 
circuits. They are lumped and called Rj in Figure 68 in this volume. The ampli- 
fiers in Figure 77 and 78 are in the Tektronix Type 3A2 Dual Trace Plug-In Pre- 
amplifier for the 560 series oscilloscopes. 




FIGURE 78 
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In Figure 78 , a portion of the long-tail resistor is made variable. This allows 
the transistor currents to be adjusted. When the current is changed, the drop 
across the collector load resistor changes and the output voltage. The variable 
resistor Rl8l in Figure 78 allows the quiescent d-c operating point currents and 
voltages to be adjusted, while maintaining d-c stability with temperature changes. 

When a second supply voltage is not available, a configuration such as shown in 
Figure 79 can be used, where a divider from the collector supply is used to estab- 
ligh the base voltage at some level and then the long-tail or the emitter resistor 
is added to synthesize a constant current source. This is the most typical con- 
figuration that you will find in the less critical transistor circuitry. 
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Figure 80 shows the further increase in the stability of the transistor configur- 
ation over that in Figure 79 by adding d-c feedback from the collector back to the 
base as well as utilizing the emitter resistor to effectively synthesize a constant 
current source. 



It should be brought out at this point that if d-c gain is the consideration, these 
degenerative effects that we have added will reduce the d-c gain. In Figure 79. 
the long-tail resistor can be bypassed by a capacitor at the low frequencies and 
high frequencies, but at d-c this is not possible. This can be overcome by operat- 
ing the circuitry two-sided in the linear region by using a push-pull amplifier or 
differential amplifier, such as shown in Figure 78 . We can operate the transistors 
in the linear region and have any changes cancel across a common emitter resistance. 
We can, in this way, accomplish d-c stability, while accomplishing d-c amplification 
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INTERNALLY GENERATED THERMAL EFFECTS : 

The heat generated at the junction has to be considered as well as changes in 
surrounding air temperature when dealing with semiconductor currents and voltages. 

A change in the power dissipation will change the temperature of the junction and 
change the currents and voltages involved. A period of time is involved for this 
change, however, and relating the thermal considerations to electrical terms, the 
thermal resistance and its associated thermal capacitance form a time constant, 
and five thermal time constants are involved in a temperature change. (This has 
previously been discussed in Volume 6.) 

Synthesized constant current sources (long-tailing, etc.), negative feedback d-c, 
and temperature sensitive devices can be used to compensate the quiescent operating 
point of a semiconductor device to temperature changes. Once again, the temperature 
changes can be internal or external of the device. If a voltage is to be compen- 
sated, for instance the voltage across the thermals of a zener diode, a device with 
an opposite temperature coefficient of voltage can be inserted in series and the 
output taken across both devices. A zener diode operated in avalanche breakdown 
and a forward conducting diode are examples. The zener diode has a positive 
temperature coefficient of voltage when its breakdown voltage is above 6v, and the 
forward conducting diode has a negative temperature coefficient of voltage. The 
voltage across both devices can be made to stay relatively constant with temperature 
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changes when they are placed in series, and the output taken across both devices. 
(This was covered in Volumes 2 and 6.) Both of these devices can also be used to 
temperature compensate the transistor configuration. 

Long-tailing and/or temperature sensitive devices can stabilize the operating point 
of a common emitter push-pull configuration; however, step inputs of long duration 
present another problem. During fast transitions, the thermal time constant of the 
transistors does not allow much change in temperature at the junction for changes 
in power dissipation (assuming the transitions take place in a shorter time than 
one thermal time constant). Step inputs of long duration, however, have a fast 
transition and then a resting state. The resting state is essentially a d-c signal. 
This type of signal will result in a change of power dissipation in both transistors 
in a push-pull, common emitter configuration because the step will be a positive 
excursion applied to one transistor and a negative excursion applied to the other. 

It is possible and even probable that power dissipation in one transistor will in- 
crease, while the power dissipation in the other transistor will decrease. This 
is assuming no compensations for this effect has been added. One transistor will 
heat up more while the other cools, and the results can be a substantial d-c drift 
in the amplifier's output. 

Any point on a transistor's family of curves is a point on a constant power hyper- 
bole. In other words, any power point, plotted at all points of equal power on the 
collector family of curves of a transistor, will show a hyperbolic curve. This is 
illustrated In Figure 81. 

REDUCING INTERNALLY GENERATED TRANSISTOR THERMAL DRIFT : 

There are many approaches for stabilizing diode and transistor current and voltages 
for changes in temperature. Some initial design considerations involving the 
selection of the d-c load line and quiescent operating point can minimize the prob- 
lems associated with internally generated heat as a result of changes in power 
dissipation when a signal is applied. The aim of this discussion is an approach to 
minimize the effects of applied signal change in the power dissipation which in turn 
results in a change in junction temperature. 

Consider the linear plot of current versus voltage in Figure 82. A resistive load 
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COLLECTOR FAMILY OF CURVES WITH A MAXIMUM 
POWER CURVE - 150 mwatts - 25°C 



FIGURE 81 




1 13 



line is plotted in the left-hand diagram, and a constant power hyperbole in the 
right-hand diagram in Figure 82. 




Writing equations for the load line and constant power hyperbole in Figure l: 



1 



R 



E + I 



max 



( 1 ) 



P = I E 



( 2 ) 



E = R I 
max max 



(3) 



The points of intersection of the load line and constant power hyperbole in Figure 
82 (assuming they do intersect) can be found by the simultaneous solution of 
equations (1), (2), and (3). 
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If the load line and hyperbole intersect at only one point, the points of inter- 
section found using equations (14) and (15) will be equal, and the load line is 
tangent to the constant power hyperbole and: 



max R^ 

2 2 




max 

2 




0 = 



max 



4P 

R 



(17) 
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then: c I R 

E = max 
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and since: E 

I _ ma * 

max “ R 



(18) 

( 19 ) 
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E and I at the point of tangency are: 
E = (20) 



I = (21) 

The point of tangency of a load line and a constant power hyperbole is at 1/2 
maximum voltage and current for the load line. 

Now, if the point of tangency is assumed to be the quiescent point, the product of 
P = El at points of E ± e $ can be found as illustrated In Figure 83. 

I 

max 



I 



FIGURE 83 

At the point of tangency, P = El 
At E - e s : P' = (E - e s ) (I + i g ) (22) 

P' = IE + E ! s - e s I - e s i s (23) 

At E = e : P" = (E + e ) (I - I ) (24) 

5 5 5 

P" - El - E i s + e s I - e s i s (25) 




I 
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The deviation of P' and P" from the power at the point of tangency, P, can be found 
by: 

AP' = -E i + e I +. e 1 (26) 

S 5 D 3 

AP" =Ei s - e s i s + e s i g (27) 

and since E = Rl and e g = R i s : 

AP* = -R| i s + R i s I + R i s 2 (28) 

AP" = Rl i - R i I + R i 2 (29) 

S S 5 

and since the quiescent point is the point of tangency of the load line and the 
constant power hyperbole: 

2 

2 e 

AP' = AP" = R l s = "Y" (30) 

and for a given e s> AP increases with a decreasing R. 

Plotting power along the load line versus voltage along the load line, a curve 
such as shown in Figure 84 results. 




FIGURE 84 
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Note in Figure 84 that for a reasonable given value of e s , the lowest AP will occur 
when the point of tangency is selected as the quiescent point. 

Relating the foregoing discussion to a transistor collector family of curves, E mgx 
is the total d-c supply voltage in series with the transistor. Minimum power 
change for a given e g will occur when the quiescent operating point is selected 
at one-half the supply voltage for a given load line. This establishes the 
quiescent point at the point of tangency of the load line and a constant power 
hyperbole. 

External compensation can be employed to maintain the quiescent operating point at 
the point of tangency with changes in surrounding air temperature. This can involve 
synthesized constant current sources, devices with opposing temperature coefficients 
of voltage or resistance, etc. 

This discussion is aimed at internally generated temperature changes as a result 
of applied signal; therefore, most forms of external compensation will simply be 
accepted for now. 



< 



i 



i 



* 



i 



i 
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The opposition offered in the path of heat transfer from the Junction to the 
surrounding air is related, analogically, to electrical resistance and is given 
in °C/watt (covered in Volumes 3 and 6). Power dissipation at the junction is 
related analogically to electrical current and temperature to electrical voltage. 
Therefore: 



T 



J 




P„ + T. 



(31) 



Where: Tj = junction temperature, °C 

0 JA = total thermal resistance, °C/watt 
P Q = junction power dissipation, watts 
T. = surrounding air or ambient temperature 

n 

Assuming that AP is a long term change, we might also state that: 



T J = 



P D G JA 



(32) 



i 
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or the change in junction temperature is directly proportional to the change in 
junction power dissipation. Since the relationship of current and voltage to 
temperature in a semiconductor is an exponential relationship, minimum change in 
power dissipation for a given signal voltage, e s> is of prime concern. 



When dealing with steady state power dissipation, the thermal to electrical analogy 
previously discussed is sufficient. When dealing with transients, pulses, etc., a 
thermal capacitance given in watt-sec/°C is assumed to be in parallel with total 
thermal resistance and any temperature change at the junction as a result of power 
dissipation occurs on an exponential (covered in Volume 6). The product of thermal 
capacitance (watt-sec/°C) and thermal resistance (°C/W) is time ( r in seconds). 

If a change in power dissipation occurs at t Q , the junction temperature at tj can 
be found by: 



- *1 ” 



T. \ » T, /. \+ AP„ 0 



'J (t,) 3 'J (t Q ) 



D JA 



( 33 ) 



where: Tj ( t ) = t * 1e J unct ' on temperature at t^ 

T. , n = the junction temperature at t 
J u o ; ° 

APp = change in power dissipation 

0 1A = total thermal resistance 
JA 

r * the product of thermal capacity and thermal resistance 



In transistorized d-c amplifiers, the effects of change in power dissipation with 
applied signal can be minimized by operating push-pull or differentially with both 
transistors quiescently at the point of tangency with a constant power hyperbole. 

External compensation such as a synthesized constant current source supplying the 
transistors can be used to insure that the operating point is stable with changes 
in surrounding air temperature. 



If the output is taken between the two transistors, internally generated temperature 
changes will tend to cancel. The reason Is obvious because the transistors will 




119 



always have the same power dissipation (assuming identical transistors) as shown 
in Figure 85. Note that the transistor is dissipating maximum power for its load 
line when the quiescent operating point is selected as the point of tangency with a 
constant power hyperbole. 

3 b- 





Input signals, either differential or push-pull, with equal magnitudes will result 
in both transistors stepping to a lower and identical point of power dissipation. 
If the transistors are perfectly matched and all conditions are ideal, the net 
change between the transistors is zero. 

If two identical transistors are operated in a differential or push-pull configur- 
ation with a d-c load line and operating point shown in Figure 85, a step input of 
long duration will cause both transistors to step to a lower power dissipation and 
cool by the same amount giving no net d-c drift. The aim in design is evident. 

Two transistors in a push-pull or differential configuration, operating with their 
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d-c load line tangent to the same constant power hyperbole and dissipating maximum 
power for their load line at the static operating point. 

This sounds simple at first, but consider the situation where a common emitter con- 
figuration has the maximum collector load impedance set by risetime requirements. 
The ratio of the load impedance to the resistance in between the emitters sat by 
the gain requirements. 

( z l\ 

l voltage gain 555 r“ I 

The emitter resistance can also be determined by the impedance that must be shown 
the input driving generator. The input generator might be the previous stage, a 
transmission line, etc. Limitations imposed by signal considerations can make it 
almost impossible to select values of emitter and collector resistances that will 
satisfy the optimum thermal condition. 

Consider the circuit in Figure 86. 




The transistors in Figure 86 must work into the transmission lines and amplify the 
signal with a flat response from d-c to some high frequency. The value of Z L is 
set by the transmission lines and their terminations. The gain considerations are 
approximately set by the ratio of Z L to the emitter resistance. The resistance in 
the emitter circuit determines the impedance shown the preceding stage or input 
generator and also the gain of the amplifier. 
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The approximate input resistance at the base can be determined by: 

r in 555 ^ r e + R e^ ^ + ^ 

where r. is the dynamic resistance seen at the base terminal, R is the external 
i n e 

resistance in the emitter signal path, and r g is the transistor's dynamic emitter 

resistance. 
r 

e I c Ip 
q E E 

The problem is establishing the d-c load line tangent to a constant power hyperbole 
with the operating point established for maximum power dissipation on the load line 
at the str ic operating point. The question generally is, if more series resis- 
tance is needed, where do we put it? If resistance is added to the collector cir- 
cuit, the gain changes, risetime suffers, and the transmission system is no longer 
terminated. If the resistance is added to the emitter, the static current changes 
(assuming the base voltage is set by the input circuitry), and the input impedance 
changes. 






at 300°K or 27°C (discussed earlier in this volume) 



The answer lies in adding a series resistance between the collector and the circuit 
it is driving. The added resistor simply becomes part of the output resistance of 
the transistor and has little effect on the gain-risetime considerations at the 
middle frequencies. This allows design for optimum thermal considerations while 
maintaining optimum signal considerations. 
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Figure 87 illustrates the addition of the resistance R D to establish the d-c load 
line tangent to a constant power hyperbole. The output circuit of the transistor, 
with and without Rp, is shown In Figure 88. 




FIGURE 88 



For high frequency considerations, a capacitor is placed in shunt with Rp to tie 
the output capacitance of the transistor to the load capacitance and the equivalent 
output circuit becomes: 




FIGURE 89 



For a-c signal considerations, the capacitor Cp shunts Rp and the current in is: 



' z « £' b 2 

L Z L +Z o 



At d-c, the generator /3 I B sees a different configuration, since Rp is not by-passed 
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and the current in Z L is: 




Z 

o 



Z + Z, + 
o L 



If the Z q of the transistors were infinite, there would be no problem. With a 
finite 1 Q , the current in Z L and hence the gain and output voltage will be different 
at d-c. 



Since the gain is different at a-c and d-c, a step input of long duration results 
in a distorted output such as shown in Figure 90. 



5R D C D 




INPUT 



OUTPUT 



FIGURE 90 



The output following the initial transition will decrease on a 5 RC exponential set 
by the RpCp time constant. This is not too much of an obstacle because another 
time constant can be added in the circuit to compensate, and both signal and thermal 
considerations will be compensated. 



R q is required, the formula R Q ~ 



R^ can be used if /3 is assumed to be 



C E 

Of course, the optimum situation occurs when R + R^ = - — and no R Q is needed. If 

ftK- L ' 

infinity. This simply says that one-half the static power is dissipated in the 
resistors for optimum thermal considerations, and 1^ is assumed to be equal to 1^. 

If this is true, the static resistance of the transistor must equal the total series 
to Ij.. If this is true, the static resistance of the transistor must equal the 
total series resistance, and there will be 1/2 V cc across the transistor, 
static resistance of the transistor is given by: 

V V V 

t static 'e 'e 21 e 



The 
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FIGURE 91 
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R_ must equal R . total where R . total is: 

t static ser,es ser,es 



R . = R + R. + R 

series OLE 



and 



R . = R_ 

series T, 



STATIC 



so 



therefore 



2^ = R 0 + \ + R E 






The time constant of Rp changing the gain at the low frequencies can be compen- 
sated anywhere in the amplifier with an opposing time constant equal to R Q . 
Normally, there are other compensations involved such as transmission line compen- 
sation, high frequency peaking, etc. These compensations can all be accomplished 
with variable resistive and reactive components, perhaps between the emitters of 
two of the transistors in the push-pull configuration. When the amplifier response 
is adjusted for optimum transient response with minimum overshoot and d-c drift 
with a good, fast rising square wave applied to the input, the system is said to 
have a Gaussian response. In this way, the time constant of R Q Cp and the other 
compensations can be made compatible. A typical circuit is shown in Figure 91. 

The circuit just discussed is similar to the push-pull configuration of Q. 1 0 1 4 and 
Q. 1 024 in Figure 91. R 1 0 1 4 and R1024 are examples of the addition of R^ to optimize 
the thermal considerations. Capacitors C 1 0 1 4 and C1024 are the capacitors referred 
to as Cp in the preceding example. 

Resistors R1038, R1048, R 1 142, and R 1 1 5 2 are a similar application with the added 
task of maintaining the transistor pair, Q 1 034 and Q.1044, on the same constant power 
hyperbole as transistor pair, Q. 1 144 and Q. 1 1 54 . 

In the circuit configuration in Figure 9'. the impedance of L1030 and L1040 is 
l86n (93fi per side). Resistors R1032, R1042, R 1 1 4 1 , and R 1 1 5 1 and the input resis- 
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tance of the common base transistors terminate the ends of L 1 030 and L1040. Rise- 
time considerations limit the collector loads and the Rp's place the proper load 
line tangent to the same constant power hyperbole for transistors 0.1034, 01044, 
01144, and 01154. 

Note the variable resistor and capacitor, R 1 076 and R 1 077 - These allow the adjust- 
ment for optimum transient response. These, of course, work in conjunction with 
other resistive and reactive components in the amplifier. These circuit configur- 
ations are used in the vertical amplifier of the Tektronix Type 547 oscj 1 loscope. 

THE TRANSISTORIZED LONG-TAIL : 

If extreme environmental conditions are going to be encountered, or if only very 
Incremental changes can be allowed in the d-c levels on the transistor with changes 
in temperature or power dissipation, a very efficient synthesized constant current 
source must be used to maintain the d-c stability. A very high supply voltage re- 
turned through a very large long-tail resistor can be used to accomplish this. In 
many cases, this is not feasible; however, a circuit such as shown in Figure 92 
can be used . * v cc 




Figure 92 illustrates a transistor with a second transistor serving in the long- 
tailed circuit in its emitter. Notice the base of the long-tail transistor Q 2 
is returned to ground. Therefore, its emitter is also going to be clamped near 
ground. The changes in the current in transistor Qj will have to be supplied by 
transistor Q^. The voltage that the emitter of Q 2 is returned to and the size of 





FIGURE 93 
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the resistance in its emitter is effectively magnified by the gain of the transistor 
as seen by Q.| . In this way, we can synthesize the very high long-tailing vol- 
tage and the very large long-tail resistance required. As a result, a very constant 
current source is synthesized. Of course, operating two sided circuitry, such as 
a push-pull or differential configuration, through this common long-tailed configur- 
ation (using a transistor in the long-tail), will give optimum d-c stability as 
previously discussed. Figure 93 shows a typical circuit in which a transistor is 
being used in the long-tail to increase the effective long-tailed voltage and re- 
sistance. Transistors, Q.14A and B, are supplied current by Q 1 8 . Q13A and B are 
essentially emitter followers driving Q14A and B. Q13A and Q.14A make up an ampli- 
fier configuration referred to as a "Darlington" connection, which will be dis- 
cussed later in this volume. The same is true of Q13B and Q14B. 

Figure 94 shows a transistor being used to long-tail or provide a synthesized con- 
stant current source for vacuum tubes. The basic application for the transistor in 
this configuration and that in Figure 93 is the same. 



AN EXAMPLE OF APPLYING THE d-c CONSIDERATIONS TO DESIGN: 



If d-c thermal stability is desired when designing an amplifier configuration with 
transistors, a useful factor can be arrived at by determining the total change in 
the thermally generated current that can be expected over the temperature range. 
This information can be gained from the manufacturer's specification sheet, which 
generally lists 1^^ at room temperature, and possibly at some high temperature. 

The total change in must be obtained either from the manufacturer's specifi- 

cations, or perhaps by making measurements on the transistor, using the Tektronix 
Type 575 Transistor-Curve Tracer. Once the total change in l CBQ has been estab- 
lished over the temperature range expected to be encountered by the transistor 
(both from external and internal generated heat), the total al lowabl e change in 
the collector current and collector voltage must be established. In other words, 
we must determine how much the collector currents and voltages can be allowed to 
change. This will probably be governed by the specifications for the amplifier's 
design. Once these values have been established, we can arrive at a K factor which 
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will be useful in the design. The K factor or stability factor for current can be 
found with the equation: 



Al 



K . = aT 



C (al iowable) 



CBO (over the temperature range) 



This will give the maximum allowable current stability factor that the circuit must 
maintain over the temperature range. If the transistor is to be operated in a 
common emitter configuration with a high resistance in the base lead, this factor 
will be approximately equal to the d-c beta of the transistor if no compensation is 
added. By compensation, we mean a synthesized constant current source or some form 
of feedback to reduce the stability factor. Since the minority carriers in the base 
are increased by approximately beta with a common emitter configuration with a high 
resistance in the base lead, the stability factor is approximately equal to drc beta 

Another K factor useful in design considerations is the voltage stability factor. 
This can be found by determining the maximum allowable change in collector voltage 
and using the maximum allowable change in l CBQ over the temperature range. 

.. ^ V CE (allowable) 

•'W = A I 

CBO (over the temperature range) 

Since the factor is found by dividing a current into a voltage, comes out in 
res istance. 

Let’s review a bit. First of all, the specifications of the amplifier will deter- 
mine how much the collector current and collector voltage of the transistors can be 
allowed to vary with changes in temperature. The changes in temperature can be 
generated i nternai ly or external iy of the transistor. The change in l CBQ can be 
established by determining the total temperature range over which the transistor 
must operate, and obtaining the change in l CBQ that will occur from the manufactur- 
er's specifications or by actual measurements on the transistor. By dividing the 
change in l CBQ over the temperature range into the allowable change in collector 
current, we obtain the stability factor K| . By dividing the allowable change in 
collector voltage by the change in Iqqq over temperature range, we obtain the 
stability factor K y . We might use these stability factors in an exact analysis 
or design. of an amplifier configuration but more commonly, to insure that speci- 
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fications are met, the stability factors are reduced to allow a safety factor and 
approximate design approaches utilized in the design of the amplifier itself. To 
give an example of incorporating thermal stability in an amplifier design, we will 
use an example of an approximate design approach to a low frequency, audio amplifier. 
This does not indicate the way, but a simplified approximate design approach. 

SELECTING A TRANSISTOR FOR THE AUDIO AMPLIFIER : 

When selecting a transistor for design of an audio amplifier circuit, the following 
parameters should be well defined to insure good design: 

h FE ^ d-C current 9 a in) - the variations in this parameter should be specified to aid 
in controlling the operating point, d-c feedback is sometimes used to minimize the 
effects of variations in this parameter. 

hfe (small signal, a-c current gain) - variations in this parameter should be 
specified for use in insuring the minimum variations in amplifier gain, a-c feed- 
back is sometimes added to minimize the effects of variations in this parameter. 

• CBO ( current > collector to base, with the emitter d-c open circuited) - the maximum 
value should be stated to aid in thermal stabilization. It is helpful when this 
current is given at room temperature and also at some high temperature. A chart is 
sometimes given to allow the calculation of l cBQ at different temperatures. 

Np (noise figure) - maximum value should be specified 



f h or f _ (frequency at which h, is reduced to 0.707 of its low frequency value - 
fe e ^ 

3db down point) - minimum frequency should be specified to insure proper frequency 
response. This frequency should be high enough to prevent phase shift in any feed- 
back circuit. For common emitter design considerations, the frequency parameter f y 
is given by most manufacturers and gives information on the frequency characteris- 
tics of the transistor beyond f h and f . 

n fe e 

f T (the frequency at which low frequency h fe equals unity) - the minimum value 
should be specified to insure proper frequency response. fj is the gain bandwidth 
product of the amplifier can be used to determine the gain at frequencies beyond 
the frequency fu 

fe 
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B VCEO ( maximum collector d-c voltage) - the minimum value should be specified. 

_\ (collector to emitter voltage at saturation for a given value of l g and 
CE(sat) - 

l r ) - the maximum value should be specified. 

P , , (maximum collector power dissipation) - the minimum value should be speci- 

D(max) - 

fied. It is also useful if the value of maximum collector power dissipation at a 
higher ambient temperature is given. If it is not given, then the value of thermal 
resistance for the transistor should be given. The value of thermal resistance will 
be given for the transistor from junction to case or junction to ambient, depending 
on the application, and can be used to determine the maximum power dissipation at 
different temperatures. 

For a safety margin in design, it is generally practiced to allow the following 
safety margins in the parameters given by the manufacturer. This assures that the 
variations of parameters in a batch or the aging of a transistor and component 
parts will be compensated for. 

B ... - Assume 75% of the value given by the manufacturer and limit peak audio swing 
cU 

below this point. If transformer coupling is to be used, limit the supply voltage 
to about 40% of the maximum value given by the manufacturer. 



Iron " Assume twice the maximum specified by the manufacturer at the maximum tern- 
CBO 

perature and voltage. (If this is not done, then a reduction in the K factors for 
current and voltage stability can be applied.) 



hp^ and h^ - Assume a variation between 50% of the minimum value specified and 
200% of the maximum value specified for both parameters. 



P„. . - Assume approximately 75% of the specified maximum power rating at maximum 

D(max) 

expected operating temperature. 

f or - Assume 50% of the minimum frequency specified by the manufacturer. 
n £ a 

fe e 

f^ - Assume 75% of the minimum frequency specified by the manufacturer. 
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V. / \ - Assume 200% of the maximum value specified. 



It should be brought out here that these safety margins do not apply to transistors 
being supplied by the manufacturer and guaranteed to meet certain specifications, 
etc. Once the specifications of the amplifier have been established, and after the 
transistor is selected, the initial design approximations can be made, and the 
proper operating point and load line selected. A high power amplifier, single 
ended, would probably have its load line selected so that voltage and current limit- 
ing occured at the same input level. For low distortion amplifiers, the a-c signal 
swing is limited to about one-half the supply voltage and the operating point 
selected for linear transfer characteristics (i.e., signal swing along the selected 
load line is 1 inear) . 

Keeping the input drive as constant a current course as possible (high impedance 
drive) will reduce distortion due to the input resistance variations with larger 
input signals. Output load matching is best for signal power gain, but a low load 
is needed for maximum power output. The output load resistance must be selected 
for required power output with sufficient gain. 

In push-pull amplifiers where temperature sensitive components are not used for 
thermal stability, it is sometimes necessary to use separate emitter resistances 
for proper feedback. 

Temperature sensitive components, negative feedback or perhaps synthesizing a con- 
stant current source can be used for thermal stability, and a-c signal negative 
feedback can be used to reduce distortion. For transformer coupled loads, it is 
safe to assume only about 30% efficiency. 

Transformer coupling gives a good thermal stability factor due to the low d-c resis- 
tance of the winding placed in the base circuit. This gives the thermally generated 
minority carriers a low resistance d-c path and reduces the magnification of the 
leakage current. If a transformer is used as a load resistance in the collector 
circuit, its d-c resistance does not cause large changes in the collector voltage 
for changes in collector current over the temperature range. 

Let's assume that for this example we are going to design a low level audio amplifier. 
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Assume that we have available an input signal current of 0.5pa peak, and we require 
an output signal voltage of lv peak. We want to limit ourselves to a single d-c 
supply voltage, and we will expect temperature variations from 10°C to 70°C. In 
order that we might hold the specifications for the amplifier that we have just 
determined, we would probably select a configuration, such as shown in Figure 95. 




FIGURE 95 



Let's assume we 
emitter current 




oe 




have selected a transistor with 
of Ima, and 25°C. 

2.1 x 10 3 fi 

1.8 x 10’ 5 
50 

4.8 x lo~^mhos 

0.5°C/mi 1 1 iwatt 



the following parameters at an 



Once the transistor has been selected and the configuration decided upon, the de- 
sign can be started with an estimate of the number of stages needed. Since the 
transistor must operate over a range of temperatures, the circuit must be stabilized 
for d-c operating point. The configuration we have selected will allow us to design 
in thermal stabilization as long as we take it into account in the initial design. 
The stabilization due to the circuit configuration we have selected will result in 
a loss of the signal at the input of the transistor. This can be easily seen be- 
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cause Rg and R p in Figure 95 will certainly shunt some of the signal current. It 
is safe to assume about 50% loss in the estimations for determining the number of 
stages required. The signal entering the transistor is 0.25pa. h p = 50 and 
0.25fia x 50 is approximately 12.5pa peak signal current in the collector circuit. 
An a-c signal of lv is needed in the collector and, assuming an a-c collector 
current of 12.5pa (just approximated). Ohm's Law says that it would require an 
80,0000 collector load resistor to deliver a lv peak signal in the output. 



(irk - 80 - 000fl ) 



Using an 80,0000 resistor in the collector circuit would require a large supply 
voltage and limit the frequency response. Adding another stage, and again assuming 
a 50% loss at the input of the second transistor, the input signal is 6.25pa peak 
to the second transistor. With h pg = 50, 6.25pa x 50 is approximately equal to 
312. 5pa peak a-c collector current for the second, stage. With a lv signal swing 
required, the collector load resistance will have to be: 

7 = 3.3kfl 

312.5 x 10 _o 

This is a more reasonable value for both supply voltage and frequency considerations 
and two stages will probably do the job. 

Let's review this for a moment. First of all, after selecting the transistor and 
determining the configuration, we started with a design approximation to determine 
the number of stages needed. We simply used the Input signal and required output 
signal to determine what size components would be required. We continued to in- 
crease the number of stages until a reasonable value of collector load resistor for 
supply voltage and frequency considerations could be realized. 



Since the first stage will be concerned primarily with current gain to drive the 
second stage, a small a-c load resistance can be tolerated. This is fortunate as 
the collector load of the first stage will be shunted by the input resistance of the 
second transistor and its biasing resistors. 



Since there is only a small current change in the first stage, the d-c operating 
point (l p ) can be established at a fairly low value. Selecting the operating point 
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of the first stage to be a low value will help to reduce the noise level in the 
transistor (the noise level in a transistor will be less at the lower quiescent 
currents). This will also establish the input resistance of the first stage at a 
higher level, improving the signal to noise ratio in the amplifier. 

The second stage will have a larger current swing (we estimated around 312pa), and 
its input will be shunted by its biasing resistors and the load resistor of the 
previous stage. Establishing the static emitter current of the second stage at a 
higher value than that of the first stage will allow a larger current change in 
the second stage and reduce the input resistance. This will allow more of the sig- 
nal current to enter the second transistor. 

At this point, we would probably examine the characteristic curves supplied by the 
manufacturer, or possibly measure the transistor characteristics on the Type 575 
Transistor-Curve Tracer, and establish quiescent d-c operating points for collector 
voltage and emitter current. We would also assure that the d-c or a-c signal 
load lines do not cross the maximum power hyperbole and exceed the power handling 
characteristics of the transistor at any expected ambient or operating temperature. 
Figure 96 and 97 show the Tektronix Type 575 Transistor-Curve Tracer being used to 
measure the hybrid parameters for a transistor. We might also use the character- 
istic curves in Figures 96 and 97 to determine the quiescent operating point for 
the first and second transistor. Recall that we are going to set the first stage 
operating at a fairly low operating current to reduce the noise level, and the 
second stage a little bit higher current, since it has to have a higher current 
swing. Let's assume that curves, such as shown in Figures 96 and 97, let us 
decide to set the operating point emitter current of the first stage at 0 . 5 ma, and 
the operating emitter current of the second stage at 2 ma at the normal operating 
or design center temperature. Now, we might measure the hybrid parameters using 
the 575 as outlined in Figures 96 and 97, or we might use the parameters specified 
by the manufacturer at Ima. If we use the parameters given by the manufacturer at 
lma, we will have to modify the parameters for use at the static operating Doint 
that we have selected. For the first stage, we selected 0.5ma and the second stage 
2 ma, and neither of these operating points will allow us to use the parameters 
that are given at lma. We can modify the parameters by using curves as supplied 
by the manufacturer to modify their parameters for different emitter currents. 
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MEASURING h fg : 

Note: To hold collector voltage con- 

stant, the measurements are made along 
the 5V collector voltage line. 



h 

h 

h 



_ th 

fe Al 



A V 



B 

1 ,4ma 
fe - lOpa 

, = 140 
fe 



CE 



= 0 




TEST SET-UP: TEKTRONIX TYPE 575 TRANSISTOR-CURVE TRACER 

VERTICAL: COLLECTOR ma = lma/div 

HORIZONTAL: COLLECTOR VOLTS = lV/div 

STEP SELECTOR: ma/step = O.Olma/step 

DISSIPATION LIMITING RESISTOR = 2000 



MEASURING h : 

oe 

Note: To hold base current constant, 

the measurements are made along the 
0 . 04ma base current curve. 



h ^ 

oe " AV 



Al 0 = 0 



h = 
oe 



CE 

0. 3ma 
2V 



h = 0 . 00015 mhos 
oe 



h Qe = 150pmhos 




FIGURE 96 





138 



MEASURING hj : 

Note: Collector voltage is held constant 

by making measurements along the 5V 
collector voltage line. 




A V, 



BE 



AI B 

0.008V 

I0|aa 



av ce = 0 



(volts) 

l 



h. = 8oon 

ie 




uE (volts) 



TEST SET-UP: TEKTRONIX TYPE 575 TRANSISTOR-CURVE TRACER 

VERTICAL: BASE VOLTS = 0.02V/div 

HORIZONTAL: COLLECTOR VOLTS = lV/div 

STEP SELECTOR: BASE CURRENT = O.Olma/step 

DISSIPATING LIMITING RESISTOR = 2000 
NOTE: VERTICAL POSITIONED UP TWO MAJOR DIVISIONS 



MEASURING h : 

re 

Note: l R is held constant by making the 

measurements along the 0 . 05 ma base 
current curve. 



h 




re AV 



CE 




0 



(vol ts) 

1 



0.002V 
re " 4 V 



h = 500 x 10 
re 



-6 




FIGURE 97 
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We might also use the following approximations which are fairly close. Assume that 
7 -^— and h vary directly with the emitter current, and that the other parameters 
wifi remain fairly constant over this small range of emitter currents. h- e of the 
first transistor will have to be modified by dividing 2100ft (which is the h. g 
! given at lma) by the factor 0.5. This gives a value for h. of the first transis- 

tor of 42000 at an emitter current of 0.5ma. h. e at lma is 21000; operating point 
j current is 0.5ma, or 0.5 times the current at which the parameter h. was given. 

I 6 

Dividing h. e by this factor gives h- e at the new operating point current. The 
factor for the second stage is 2. I £ selected is twice the value of current at 
which the parameter was given. For the second stage, h. g is approximately 21000 
over 2, or 10500. For initial design approximations, these parameters do not have 
to be exact and, therefore, we can use the approximations. 

Keeping in mind that the input resistance of the second transistor will shunt the 
collector load of the first stage, we will have to assume an a-c load for the first 
stage of somewhat less than the input resistance of the second stage. This input 
resistance will also be shunted by the biasing resistors and by the load resistor 
for the first stage; therefore, we should assume a value below the input resistance 
of the second stage. Assuming 600ft here will give an idea of the magnitude of the 
collector load and allow an approximate load line to be drawn on the collector 
family of curves for the transistor. This might be necessary to determine the 
maximum allowable change in collector current and collector voltage that can be 
allowed over the temperature range. These changes will have to be limited so that 
an applied signal will not cause the transistor to move into a non-linear region 
of its characteristics along the load line. Figure 98 shows a d-c load line and a 
signal load line constructed on a characteristic family of curves taken with the 
, 575 Transistor-Curve Tracer. As temperature increases, the static operating point 

will move to a higher current point; therefore, the a-c load line will move to a 
different point of intersection with the d-c load line. It is possible with a 
significant increase in temperature for the a-c load line to move into an area of 
distortion. By an area of distortion, we mean an area where the applied signal 
will cause the transistor to give a non-linear result in the output circuit. Since 
we are designing a low level audio amplifier and we are going to use resistive- 
capacitive coupli-ng, we won't be as concerned with the d-c levels as we might be 
if the amplifier were direct coupled. If the amplifier were direct coupled and it 
was necessary to amplify d-c signals, we would probably have to be a lot more 
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critical with the d-c operating point over the temperature range than when we are 
capacitive coupled. With direct coupling, any changes in the quiescent operating 
point represents a d-c signal to the following amplifier, and these changes are 
amplified. Any bias changes will appear as a signal to the following stage. 




FIGURE 98 

When we have an increase in temperature, the operating point moves up the d-c load 
line. The peak signal voltage and current changes will show how far it can move 
before distortion starts to occur. This will be the permissable shift in the 
operating point. From this, a maximum allowable change in collector current and 
collector voltage before distortion occurs can be determined. This allows calcu- 
lation of the amount of d-c stability that must be incorporated in the circuit to 
compensate for changes in the thermally generated minority carrier current over the 
temperature range. The change in Iq^q over the temperature range can be calculated 
by determining the l CBQ at room temperature and at the maximum temperature that 
will be encountered. This can be done by taking the information from the manufac- 
turer's specification sheets, or by measuring these changes using the 575 Transistor- 
Curve Tracer and a thermal probe. The maximum current stability factor can be found 
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by the formula: 



A I 



'I (max) = 



C (allowable) 



CBO (over the temperature range) 



And the maximum voltage stability factor can be found by the formula: 



K V(max) aI 



^CE (al lowable) 

CBO (over the temperature range) 



The original specifications for the amplifier said that we would operate to 70°C 
ambient temperature. We must also take into account the heating effect at the 
junction due to power dissipation. Having selected the operating point for the 
first stage as emitter current = 0.5ma and = lv (see Figure 98 ), the collector 
power dissipation can be found by taking the product of lv and 0.5ma. The manu- 
facturer's specifications list the thermal resistance, junction to ambient, of the 
transistor as 0.5°C/frw of collector dissipation. The first stage has only 0.5mw of 
power dissipation and, therefore, we can assume that the junction temperature will 
not rise much above ambient. The first stage has the temperature range of I0°C to 
70°C. 



If we start at room temperature and compensate for an increase in temperature, any 
decrease in temperature will be compensated for. Let's assume from the manufactur- 
er's references that we find that will have increased by 50 pa when temperature 

increases from room temperature to 70°C. Change in l CB0 for the first transistor 
is 50pa over the temperature range. 



From the curves of the transistor and the load line, we find that collector current 
can increase by 0.3ma before distortion occurs. Change in collector current allow- 
able is 0.3ma. The current stability factor (K ( ) can be found by the formula: 



K 



Al, 



I (max) A I 



CBO 



0.3 x 10 " 3 
50 x 10 " 6 



From the transistor characteristic curves, the collector voltage V__ can change 

v t 

850mv before distortion starts occuring. From the formula: 



K 



AV 



CE 



V(max) A I 



CBO 



850 x 10~ 3 

50 x 10" 6 



17,0000 




142 



Since these values are based somewhat on approximations and the finished circuits 

will be using available values of components with allowable tolerances, it is best 

to allow a safety factor. This will also take into account the changes in l CBQ 

over a batch of transistors, etc. This is done by taking the maximum allowable 

stability factors of the circuit ( that we just calculated), and reducing them for 

insertion into any design formulas. In this case, let's reduce K V ( max ) to l^.OOOfi 

and K. , » to 4. We could do the same thing if we were to assume that l CBQ in- 

i ^max; 

creased more than the manufacturer's specification listed. We would simply be 
doing the same thing by assuming a larger in the first place; however, we 

would not want to do both . 

We must keep in mind that when values of the stability factors are reduced, the 
maximum stability factor will be held to a tighter tolerance, but the circuit is 
made more critical and gain and impedance levels are sacrificed. Reducing the 
maximum K factor approximately 25% is a good starting point. If an approximate de- 
sign approach is sufficient, the formulas in Figure 99 can be used to design the 
circuit. These are nothing more than Kirchhoff's equations with the K or stability 
factors added. These formulas assume that the base to emitter voltage can be neg- 
lected and that the collector current and the emitter current are nearly equal. 

They will give approximate values. Figures 100, 101, and 102 give the approximate 
Kirchhoff's equations using the stability factors for several other configurations. 
Figure 100 gives the approximate formulas for the synthesized constant current 
source type of stability, or what is generally referred to as long-tailing at 
Tektronix, Inc. Figure 101 gives the approximate Kirchhoff's equation using the 
stability factors for a circuit utilizing both the emitter resistor synthesizing 
a constant current source, and a feedback circuit from the collector back to the 
base to improve the stability. Figure 102 gives the approximate Kirchhoff's 
equations using the stability factors for a direct coupled cascade. The formulas, 
once again, are nothing more than Kirchhoff's equations with the stability factors 
used, and they are approximate, since they assume that the collector current and 
emitter current are equal, and there is very little voltage between the base and 
emitter on the transistor. Approximate formulas are generally good enough; however, 
since the circuit will then have RMA components added which have allowable toler- 
ances and the design of the circuit will be checked with an analysis approach once 
the actual components have been substituted. If it does not meet specifications 
when an analysis approach is applied, steps will have to be taken to correct it; 
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however, the safety factors make this improbably. 

Selection of a value for R p in the equations can be governed by a number of factors. 
If R p is not bypassed, it will greatly increase the input resistance seen at the 
base of the transistor and reduce the gain of the amplifier. We have discussed 
this earlier in this volume. 

Optimum thermal considerations will occur when the operating point is selected 
as 1/2 \l rr . This is the point of tangency with a constant power hyperbole. This 
was also discussed earlier. The value of R p will also limit the maximum current 
gain when using the formulas in Figure 99 to design a circuit, and this is covered 
in Figure 99. For our example, we will simply select a value of R p considering 
current gain, because R p will be bypassed with a capacitor. 

Using the formulas in Figure 99, and selecting an emitter resistor of 18000, the 
value of load resistor or R L| is 1,3601, the base biasing resistor R g , is 11,0600, 
the resistor R p] is 20,6501, and the value of the supply voltage V cc is 2. 585 V. 
These values were obtained by inserting the voltage stability factors 14,0000, 
the current stability factor of 4, the design center emitter current of 0.5ma, and 
the design center collector voltage of lv into the equations in Figure 99. 

The same formulas as used for the first stage in Figure 99 may be used for the 
second stage as well. The stability factors for the second stage, however, must 
take into account the change in l CBQ over the entire temperature range. The oper- 
ating point emitter current of the second stage has been selected as 2ma, and a 
collector voltage of lOv. (We are assuming that we have selected these from the 
characteristic curves.) This gives a collector dissipation of 20mw. The thermal 
resistance, junction to ambient, of the transistor is 0.5°C/rrw, and this will 
give a rise in junction temperature above ambient of I0°C. This means that the 
circuit will have to be stabilized, not to 70°C, but to 80°C to compensate for 
the heating effect at the collector junction. The collector power dissipation 
raises the junction temperature above ambient by 10°C. The specifications call 
for an ambient temperature of 70°C; therefore, the junction will have to be 
stab i 1 ized to 80 °C . 

Let's assume from the manufacturer's reference that Iq B q increases by 1 20pa at 
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80°C. The change in Iqqq for insertion into the K formulas is 120pa. Assume that 
from the curves for the transistor, it is found that the collector current can in- 
crease 1 . 08 ma before distortion starts occuring, and can decrease by 6 . 72 v 
before distortion occurs. 



The maximum current stability factor can be calculated using the formula: 

K _ A ' c _ ’- 08 ma _ 

I (max) ai cbo 120pa y 



and the maximum voltage stability factor: 



K V(max) 



AV 



CE 



Al 



CBO 



6.72v 

120pa 



56,0000 



Since we did not reduce the value of the change in l CBQ over the temperature range, 

we must allow a safety factor. In this case, reduce K. , > to 7, and K.., \ to 

' I (max) V (max) 

47,0000 for use in the formulas in Figure 99. 



The voltage change at the output is the prime consideration in this stage. The 
transistor is not working into another transistor, so the d-c collector load re- 
sistor can also constitute the a-c collector load resistor. In this case, 
should be selected by considering the supply voltage available and the frequency 
response desired because R ^ will effect the size of the load resistance. Thermal 
considerations should also be kept in mind. 



As a starting point, select R £ = 1,2000. From the formulas in Figure 99: 

R l2 = 4,8300 

R F2 = 77,0000 
R b2 = 9,4300 
Vcc2 = 22.lv 

A 22v supply is needed for the second stage. A divider network can be used to 
supply the first stage and allow the use of only one supply voltage source. 



RMA components should now be inserted as close to the values calculated as tolerance 
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APPROXIMATE d-c DESIGN AND ANALYSIS EQUATIONS 

In the equations on this page, the absolute value of quantities inserted into the 
equations must be used. 



In general, the selection of R £ for this configuration governs to a great extent 
the maximum current gain that can be obtained. The nominal value of R^ for maxi- 
mum current gain is R £ = K^/2K^. 




The equations on this page are for the configuration shown above. I £ and V CE in 
the design formulas are the selected operating point emitter current and 
collector voltage. K ( and K y are the calculated maximum ai lowable current and 
voltage stability factors that the circuit must meet. These are approximate 
formulas, but will generally give values within allowable tolerances, once RMA 
components are inserted. 



DESIGN FORMULAS 



1 . 
2 . 



3 . 



Select R, 



K v - K, R e 

r l S8 TTT 



v cc 553 



I 



K ! V CE* 'e (K V 
K. 



V 



1. 

2 . 

3 . 



ANALYSIS FORMULAS 
R B r f 

1/ S3 ° h ■ 

1 R E (r b + r f> 

K v « K ( R E + R l (1 + K, ) 



4 . R r « 



K . V CC 



F I 



4 - V CE* V CC - 'E (R E + V 



R„ as 



K, R e R p 



B R p - Kj R e 



5 . 
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APPROXIMATE d-c DESIGN AND ANALYSIS EQUATIONS 

In the equations on this page, absolute values of the quantities inserted into the 
equations must be used. 




The equations on this page are for the configuration shown above. 

NOTE: LONGTAI L 

| and V r _ in the design formulas are the selected operating point emitter current 
c L c 

and collector voltage. K ( and K y are the calculated maximum allowable current and 
voltage stability factors that the circuit must meet. These are approximate form- 



ulas , but will 


generally give values within al 


1 lowable 


tolerances, once RMA 


compon 


ents are inserted. 










DESIGN FORMULAS 
Select R £ 




ANALYSIS FORMULAS 




1 . 


1 . 


r b 

k i *r E 




2. 


n . K v“ K i r e 
1 + K, 


2. 


K v « K, R e + R l (1 + 


K ,) 


3. 


v ee“ r e 'e 


3. 






4. 


„ . K . v ce + k v 'e- 'e r l 

CC K ( - V EE 


4. 


V CE ~ V CC + V EE " ' E 


(r e + 


5. 


r b 53 K . r e 
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APPROXIMATE d-c DESIGN AND ANALYSIS EQUATIONS 

In the equations on this page, absolute values of the quantities inserted in the 
equations must be used. 




The equations on this page are for the configuration shown above. 

NOTE: Rp returned to the collector for d-c feedback 

I and V r in the design equations are the selected operating point emitter current 
c tE 

and collector voltage. Kj and Ky are the calculated maximum allowable current and 
voltage stability factors that the circuit must meet. These are approximate formu- 
las, but will generally give values within allowable tolerances, once RMA components 
are inserted. 



DESIGN FORMULAS 



ANALYSIS FORMULAS 



1 . Select R, 



• CC K. 



I 



3. R,. » 



K , V CC 



F I 



4. R, « 



V (K - K R ) 
L ^CE (l + K l> + K V ' E 



"■ *E V CC 

5. R b ~ V);e 
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V CE « K I V CC r e 
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APPROXIMATE d-c DESIGN AND ANALYSIS EQUATIONS 



In the equations on this page, absolute values of the quantities inserted in the 
equations must be used. 



-=- v cc 



t ki 



12 'e' 2 ? E2 



FIGURE 102 

The equations on this page are for the configuration shown above. 

NOTE: DIRECT COUPLING 

l F and V._ in the design equations are the selected operating point emitter current 
and collector voltage. K. and K„ are the calculated maximum allowable current and 
voltage stability factors that the circuit must meet. These are approximate formu- 
las, but will generally give values within allowable tolerances, once the RMA com- 
ponents are inserted. 



DESIGN FORMULAS 

K Vi 1 E2 ~ K I 2 V CE! 
E, ~ K I1 'e 2 +K .2 'El 



2. R £2 w 



3. R l2 « 



V CE1 + 1 El R E1 



K V2 ‘ R E2 K I2 



K| 2 - 1 



ANALYSIS FORMULAS 
R di R ci 

'• < R e, + R Fr 
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permits, and the circuit checked using the approximate d-c analysis formulas in 
Figure 99- An a-c analysis approach can then be applied to insure that the speci- 
fications of the amplifier have been met. We can use the a-c analysis approaches 
that we have discussed earlier in this volume. 



CALCULATING COUPLING CAPACITORS AND EMITTER BYPASS CAPACITORS: 



The coupling capacitor and emitter bypass capacitor can be calculated from the for- 
mula: 



The coupling capacitor: 




2r f 



3db 




+ 



r r. \ 
_£9 ! \ 

r + r. ) 
eq i / 



The emitter bypass capacitor: 



h, + 1 
fe 



2t f 



3db 






Where: ^3db = t ^ 1e * owest frequency it is desired to amplify 

r. = the a-c input resistance of the transistor 

r = any resistance shunting r. 
eq a i 

R l = d-c load resistor of the previous stage. 

The completed circuit with calculated values is shown in Figure 103. Figure 104 
shows the completed circuit with RMA components substituted for the approximate 
components obtained in the design procedure. 



The following is an approximate d-c analysis of the circuit in Figure 104 using the 
equations in Figure 99: 




R5 



r bi r fi 



r ei (r bi + R F1^ 
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as K 



II "El 



'Ll 



(1 + K n ) « 15.7 x 



10 - 
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FIGURE 103 
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Notice that the stability factors are well below the maximum values calculated for 
the amplifiers using the specifications of the transistors. The transistor currents 
and voltages are very close to the design center values selected for both stages. 




D-C COUPLED AMPLIFIER DESIGN : 

To simplify an example of d-c coupled design, we will assume that the same stability 
factors and operating points will be applied as in the previous design situation. 
However, it is desired to have the amplifier amplify down to d-c and, therefore, 
direct coupling is a prerequisite. In order to design the amplifier for direct 
coupling, the approximate Kirchhoff equations in Figure 102 are used. Figure 106 
shows the configuration that the amplifier will have, and the following parameters 
are given (they are the same as in the previous problem). I = 0.5ma, V CEJ = lv, 

K 1 1 =4, K v] = 14K, I E2 = 2ma , V CE2 = lOv, K |2 = 7, K y2 = 47K 




FIGURE 106 



Parameters at 25°C, 1^ = lma: 

h. e = 2.1 x 10 3 , h re = 1.8 x 10" 5 , h fe = 50, h Qe = 4.8 x lO -7 , © JA = 0 

The underlined value is the selected RMA component value: 

_ K V1 ' E2 ~ K !2 V CE2 ^ (14 x 10 3 ) (2 x 10" 3 ) - (7) (D „ , g K 

El K n l E2 + K |2 I e) (2 x 10" 3 ) + (7) (0.5 x 10" 3 ) 



V CE1 * 'El B E1 g l + (0.? x !0- 3 )(I.8 x 
E 2 2 x 10‘ 3 



, V:Vii s v« i° 3 - ['■?> '° 3 ) u) „ 6 ,o8K 

LZ. ^ 12 * “ 



+ I _ (R m + R, J « 10 + (2 X 



10" 3 ) (1.5 x 10 3 ) (7) 



25. 4v 



.5°C/mw 





154 



Input signal: 0.4pa peak 

Required output signal: 1.2v peak 

Single d-c supply operation 

Design center temperature: 25°C 

Stable to maximum ambient temperature of: 70°C 

Supply voltage available: 20v 

Assume a transistor has been selected, and the parameters at 1^ = lma are: 

h ib = 550 




h . = 0.2^mhos 
ob 

h . = 2 x 10‘ 4 
rb 



Since the specifications and transistors are similar to the previous problem, a 
quick inspection will indicate that two stages are required. Assume that the 
characteristics of the transistors have been inspected, and the operating points 
selected are: 



El 



C El 



E2 



'CE 



0.5ma 

2v 

2ma 

6v 



Assume that the change in l CBQ over the temperature range has been divided into 
the allowable changes in collector current and voltage, and the following stability 
factors (safety factor included) are derived: 



1 1 



'VI 



K . 2 = 



V2 



7 

22K 

10 

75K 



Since we will be limited to a single d-c power supply, we will use the configur- 
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ations in Figure 108. 




I 

i 

I 



Stage 1 is 
gain is: 



essentially a current amplifier. 





1 .57 1 K 



and selection of R £ 



for optimum current 



Let's select R E) = 1 .5K 

Stage 2 is concerned with voltage swing at its output, and the supply voltage is 
limited to 20v. This must be considered when selecting R^* The selected tran- 
sistors have an h Ee of 50. The input current to transistor 1 is 0.2pa peak, 
assuming a 50% loss in the input biasing network. Assuming the current gain of 
stage 1 is « h^, the output current of stage I is: 50 x 0.2pa « lOpa peak 

Once again, assuming a 50% loss in the biasing configuration at the input to stage 
2, the input to stage 2 is 58 5pa peak. Assume the current gain of stage 2 is 
~ h^ e> the output current of stage 2 is: 50 x 5pa peak « 250pa peak 






1 
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The required output voltage swing is 1.2v peak. By Ohm's Law: 



1 . 2v 
250 pa 



«4.8Kfl 



or about 4.8KO of load resistance is required to develop the 1.2v of output voltage. 



The operating point current of stage 2 is 2ma. The d-c voltage drop across the 
load resistor is: 

2ma x 4.8K « 9-6v 



The design center V C£ of the transistor has been selected as 6v, and this leaves 
4.4v that can be dropped across R £2 (20v - 9-6v - 6v « 4.4v) 



The maximum value of R^ can be found by: 



4.4v 

2ma 



w 2.2K 



So that we include a safety factor, let's select the value of R^ as Now > 

using the design formulas in Figure 99. do an approximate design of the circuit in 
Figure 108 before reading on. 

The following is the approximate d-c design of the circuit in Figure 108: 



Stage I : 

R e1 = selected as 1 .5* 

,. K VI - K I1 *E1 „ (22 x-10 3 ),.- (7) (1.5 «.'P. 3 j. LW 
\l 1 + K| 1 1 + 7 

. K I1 V CE1 * 1 El (K V1~ R L1 ) ^ (7)(2)+(0.5 x 10~ 3 )(22 x 10 3 - 1.4 x 10 3 ) ^ 3 ,, 7v 
V CC1 ~ K| | 7 

R f , ^ K H V CC1 ~ 7 x 3.47 
1 El 0.5 x 10 



® 48. 5K 
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g K i, R S1 ^ fi _ k (7) 11.? X 10 3 ) „ )3 38k 

B1 R F1 " II El (48.5 X 10 3 ) - (7) (1.5 X 1CT) 



Stage 2 ; 

R £2 = selected as 1 .8 k 

K V2 ~ k , ! .2.. r E2 b ( 7? x 10 3 ) - (10) (1.8x10?) , 5 , 8K 
R L2 1 + K |2 1+10 ” ** 

. . K l 2 V CE2 + 1 E2 (K V2 “ R L2 } (10) (6) + (2 x 10 3 ) (75 x 10 3 - 5,l8_x_J0 3 ) 

V CC2 ~ K |2 10 

. w100K 
YL E2 2 x 10"- 5 

„ a K| 2 R E2 R F2 , (10) (1-8 x 10 3 ) (lOOx . lO 3 ) , 2 , ^ 

B2 R f2 - K |2 R e2 ( |00 x _ (1Q) (, q x ](r >) 

The completed circuit is shown in Figure 109. A 29K resistor drops the supply 
voltage down to approximately 3.5v for the first stage. 

POWER TRANSISTORS ; 

All transistors are power amplifiers, but those transistors primarily designed for 
large signal amplification and for high power switching are referred to as power 
trans i stors . 

The parameters and equations used in the section dealing with hybrid equivalent 
circuits and other functional models of sma I 1 -s i gna 1 , low frequency amplifiers are 
not valid for the power transistor. The small-signal parameters are obtained by 
making incremental measurements at a given operating point and set of conditions. 
The power transistor will generally swing over a large region of its operating 
range, making analysis and design difficult with the use of small-signal parameters. 
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The use of curves and charts with power transistors is more common, although an 
approximation of the operation may be made using the equations for gain and imped- 
ance levels previously discussed. This is assuming that the parameters are given 
by the manufacturers, or measured on a device such as the Tektronix Type 575 
Transistor-Curve Tracer, or other measurements devices for obtaining parameters. 

All the parameters for a power transistor are seldom given by a manufacturer. 

Those that are given are large signals, or d-c parameters, rather than small signal. 

Two short ci rcu? t parameters are sometimes given because the power transistor will, 
in a great number of cases, be working into a transformer or a low impedance load. 
They are Hp E> the large signal, forward current gain, and H )E , the large signal, 
input resistance. Open circuit parameters such as h og and h rg are seldom given 
because the input of the transistor is rarely open or near open circuited. 

The small-signal parameters are measured using incremental changes in the currents 
or voltages. The large-signal parameter measurements are made using large variations. 
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The following is a list of parameters that you might encounter for a common emitter 
configuration: 



Forward Cur snt Gain: 



Smal 1 signal : 



Large signal 



h fe “ Al, 



1 .Hi 

FE A|, 



av ce = o 



av ce = 0 



d-c: 



*C ~ 'cBO 
FE 'b + 1 CBO 



= 



Input Resistance : 

Smal 1 signal : 



A V, 



h, = 



BE 



ie " A I , 



AV ce = 0 note: a = incremental chants 



AV, 



Large signal: H 



BE 



IE ~ Al, 



av ce . 0 



note: a= large changes 



d-c: 



'BE 



■l E “ I. 



Transconductance: , L 

‘c h FE 

9 FE = V - h 

V BE n l E 

Transconductance is the transfer parameter for dealing with output current with 
respect to input voltage. Power amplifiers generally take on a common emitter* con- 
figuration for maximum power gain. Curves, charts, and parameters are given by the 
manufacturer for the common emitter configuration typically for this reason. Common 
base, common collector, and special circuit configuration parameters are derived by 
converting these values. 
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Figures 110, 111, and 112 show a group of characteristic curves made available by 
a manufacturer of power transistors. These are reproduced here with the courtesy 
of Motorola Semiconductor Products, Inc., Phoenix, Arizona. Figure 110A is a plot 
of l rDO , the collector cut-off current versus temperature for different voltages 
for this particular transistor. A typical application of this chart might be in 
finding the change in l CBQ over a range of temperatures for design stability con- 
siderations, or determining lp B0 at a given temperature. 

Figure 110B is a plot of collector current versus base current for several different 
temperatures, and gives a large signal graph of base current versus output current 
at these different temperatures. The slope of any curve in Figure 110B can be used 
to calculate the beta of the transistor at that temperature. Figure 110C plots 
collector current versus base to emitter voltage at several different temperatures. 
The slope of the line in this chart can be used to calculate the transconductance 
of the transistor. Figure 110D is a composite curve, showing base to emitter 
voltage versus base current and collector current. This is a combination of a 
graph of H |E and a transfer characteristic. The effects of source impedance on 
output distortion is shown. 

Figure 111A is a collector family of curves with the base current as the running 
parameter. A hyperbole indicating maximum power dissipation of the transistor has 
been superimposed, showing the safe limits of operation. A load line has been 
plotted and an input current applied, showing the results and variations in the 
output voltage and current, illustrating how they may be derived. Figure 11 IB is 
an expanded plot of collector voltage versus collector current with base current 
as a running parameter. This extends the area around saturation and allows v CE ( sat ) 
to be calculated, along with other transistor characteristics at or near saturation. 
Figure 11 1C is a plot of current gain (hpp) versus collector current for determin- 
ing hpp at a given operating point. Figure 11 1C is a plot of hpp versus tempera- 
ture, allowing the variations in current gain with changes in temperature to be 
pre-determined. The vertical plot in Figure 11 ID is, in a percentage factor, the 
product of hp E at the normalized temperature, and this factor will give hpp at a 
different temperature. In the case where the change is desired, the difference in 
the two values of hpp will give the change in hpp with temperature. 

Figure 1 1 2A is the plot of temperature versus the percentage change of base to 
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COLLECTOR- EMITTER VOLTAGE 
(VOLTS) 



c 

COURTESY OF MOTOROLA SEMICONDUCTOR PRODUCTS, INC., PHOENIX, ARIZONA 

FIGURE 112 
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emitter voltage. This allows prediction of the variance in base to emitter voltage 
for a given change in temperature, and the running parameter is collector current. 
This is useful in d-c stabilization approaches. Figure 1 1 ZB is the plot of case 
temperature versus power dissipation in watts. The slope of the line can be used 
to calculate thermal resistance, junction to case (0^) . Thermal resistance has 
been discussed earlier in this volume and in preceding volumes. Figure 11 1C is a 
chart that is sometimes supplied by the manufacturer or constructed from the 
collector family of curves from the ratings supplied by the manufacturer. Since 
the maximum power dissipation limits of the transistor can not be exceeded, it is 
obvious that both maximum current and voltage cannot be applied to the transistor 
simultaneously. The line marked "absolute maximum limit" in Figure 112C is con- 
structed from maximum collector current and voltage points at given base current 
points. This line encloses an area in which it is possible to operate the transis- 
tor. Operation beyond this line will result in breakdown of the transistor. Oper- 
ation in the dotted area in Figure 112C is only possible in the switching mode of 
the transistor. We previously discussed that the transistor can be operated beyond 
its maximum steady state power dissipation hyperbole if it is operated in the 
switching mode and does not spend too much time in the area of maximum power dissi- 
pation. Operating repetition rate in the dotted area in Figure 1 1 2C , however, is 
going to be limited by the thermal time constant of the transistor. If the repe- 
tition rate of switching is such that the transistor spends considerable time in 
the area of maximum power dissipation, the transistor will be harmed when operating 
in the dotted region. If the transistor rests in the active region, or has its 
quiescent operating point in the active region, it must be operated with its load 
line in the cross-hatched area in Figure 112C. We might draw the cross-hatched 
area in Figure 1 1 2C by constructing a line tangent to the maximum power hyperbole 
and extend it to the maximum voltage point and cross-hatching all the area below 
this. This would be the permissable area for construction of the load line for this 
transistor for an amplifier or a switch that has a resting state in the active 
region. 

POWER TRANSISTOR SPECIFICATIONS AND RATINGS: 



In addition to the curves and the parameter, the manufacturer generally specifies 
the fol lowing: 
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Frequency Cut-Off for Current Gain : 

f a or f. - the frequency at which the forward current gain (h F( _) is reduced to 
e n FE 

0.707 of its low frequency value (low frequency value to mean the standard fre- 
quency at which the current gain was measured). This represents a 3db reduction in 

current gain. f. or f a . is the frequency at which the forward current gain of 
h FB ° 

the transistor in the common base configuration is reduced to 0.707 of its low 
frequency value. 




fy is the frequency at which the low frequency common emitter, forward current gain 
is reduced to unity. This is the gain bandwidth product of the transistor. 

Swi tch ing Time : 

Delay time, rise time, fall time, and storage time of the transistor are listed. 
These characteristics were covered in an earlier volume, and the earlier coverage 
is val id here as wel 1 . 

Collector Cut-Off Current ( * cBq) * 



The collector reverse leakage current plus thermally generated minority carrier 
current, collector to base, with the emitter lead d-c open circuited. 



Collector Saturation 



Voltage [V CE(sat) ] : 



The minimum collector voltage necessary to sustain normal transistor action under 
specified collector current. At a voltage less than v CE ( sat )» the collector be- 
comes forward biased, and the transistor is in saturation. The saturation resis- 
tance (^QE|" sat; j) ' s sometimes given, and the product of ^(;^( sat ) 
collector current gives the value of V Q E ( sat )> 



and the saturation 
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MAXIMUM RATINGS : 

Collector Breakdown Voltage : 

The voltage across the collector junction at which the collector begins to avalanche. 
This is the maximum allowable collector to base d-c voltage. These voltages are 
also specified by configuration, as discussed in an earlier volume. For instance, 

B.. , as shown in Figure I 1 2C , is the breakdown voltage, collector to base, with 

V CBO 

the emitter d-c open circuited. In other words, this is the breakdown voltage of 

the collector-base diode, the voltage at which the collector base diode begins to 

avalanche. The breakdown voltages are determined by the temperature, which in turn 

determines the number of minority carriers in the base of the transistor. Since 

the injection of carriers from the emitter into the base increases the number of 

minority carriers available and allows the transistor to start avalanche at a lower 

reverse voltage, B. and occur at a lower voltage than B . This also 

CEO CES CBO 

is covered in an earlier volume. 



Maximum Power : 

The thermal considerations as applied to diodes and transistors that were discussed 
in the earlier volumes are valid when dealing with power transistors as well. The 
considerations for using a heat sink and determining the value of a heat sink and 
the maximum operating power of the transistor when thermal resistance is known may 
be used here in the same manner they were used in earlier volumes. 



TYPICAL CIRCUIT : 

Figure 113 shows a typical single-ended power amplifier, such as might be found in 
a Tektronix oscilloscope. It is being used as a power supply regulator in the 
Type 422, portable oscilloscope. 

Transistors Q624 and Q634 make up what is termed an "emitter coupled comparator 
amplifier". This circuit can be compared to the vacuum tube "cathode coupled 
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comparator amplifier" adequately covered in the Tektronix publication, "Typical 
Oscilloscope Circuitry". 




TYPE <**2 OSCILLOSCOPE 



AC POWER 



MR W 
MS 



SUPPLY 



❖ 



FIGURE 113 



The circuit can be compared to the differential amplifier previously discussed. 
Any difference in the levels at the bases of the transistors results in an error 
signal delivered to 0.633, and in turn to 0637. Zener diode 0622 establishes the 
reference voltage on the base of Q624 with respect to the supply that the emitter 
resistor is returned to. The base of 0625 will always be 5.6v more positive than 
the bottom of R624. (Remember: electron current flows wi th the arrow in a zener 

diode symbol.) The zener diode is in a breakdown mode. 

0622 is a 1N752, 400nv#att, 5.6v, 5% zener diode. Its characteristics are shown 
in Figure 114. Since D622 is in the breakdown area near the changeover point be- 
tween avalanche and tunnel breakdown modes, it has a very low temperature coeffi- 
cient of voltage. D622 has a temperature coefficient of voltage of +0.005%/°C. 

In other words, the voltage across the zener diode terminals will only change by 
0.005% for each °C of temperature change. Therefore, the reference voltage at the 
base of Q.624 will be very stable over a range of temperatures. 
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26 


10 


30 


no 
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24 


10 


30 
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3.9 


23 


10 


30 


95 




-.050 
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4.3 


22 


2 


30 


63 


1.5 


-.035 


1N750 


4.7 


19 


2 


30 


75 


1.5 


-.020 


1*731 


S.1 


17 


1 


20 


70 


1.5 


—.010 


1*752 


3.6 


11 


1 




65 


1.5 


+ .005 


■ I 'y, 






0.1 


20 


60 




+ .020 








0.1 


20 


53 


1.5 


+ .035 




■ 




0.1 


20 


50 




+ .043 








0.1 


20 


45 




+ .050 








0.1 


20 


40 




+ .055 




10.0 


17 


0.1 


20 


35 


1.5 


+ .060 


■S3B 


12.0 


WIOK- 


0.1 




30 




+ .060 



COURTESY OF MOTOROLA SEMICONDUCTOR PRODUCTS INC., PHOENIX, ARIZONA 

FIGURE 114 



Let's assume that the -12v supply in Figure 113 tried to become more negative or 
go beyond -12v. Since the drop across D622 is constant, the base of Q624 will be- 
come more negative, and its emitter will follow. The voltage drop between the base 
of (1634 and the bottom of R624 is not constant, however, and 0634 sees an error 
signal that requires a reduction in current. The reduction in current in Q634 
allows the collector to become more positive. Q633 is an emitter follower, there- 
fore, the positive excursion is applied to the base of Q637. This reduces the 
forward bias on Q637, increasing its resistance to drop the added voltage. The 
-12v supply returns to normal. The variable resistor R639 is adjusted in the 
initial calibration procedure to provide a voltage at the base of (1634 that results 
in the -12v supply being exactly -12v. Any changes in line voltage or load current 
(within the specifications of the circuit) are compensated for by the amplifier. 
Q637 is a silicon NPN , high power transistor. Its thermal resistance, junction to 
case (0, r ) is 6°C/watt. It is mounted on a heat sink which has a dissipating area 
of approximately 5 square inches and is 1/32 of an inch think. From table 10 in 
Volume 6 of this series, this represents a heat sink thermal resistance (© s ^) 
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12*C/watt. The transistor is mounted using a dry mica insulating washer, which 
gives a thermal resistance, case to heat sink (0 CS ) , of 0.8°C/watts. Total thermal 
resistance (0j A ) is the sum of all the thermal resistances, or: 



0 



JA 



6 JC + 6 CS + 0 SA 



0 JA = 6 ° C/w + °- 8 ° C/w + 12°C/w = l8.8°C/w 



The maximum operating junction temperature ( T Jmax ) of a 40250 transistor is 175°C. 

Tjma " T a 

Maximum power dissipation ( p Dmax ) = — — j — 

J A 



where: T A = ambient or surrounding air temperature 

Tjmax = maximum junction operating temperature 



For Q.637 in Figure 113, at 25°C ambient temperature, the maximum power dissipation 
is: 

p _ T Jmax " T A 1 75°C - 25°C 
Dmax ~ 0 JA = m.8°C/w 

P Dmax = 7 - 98 w 



Before reading on, if we measured 5.3v from collector to emitter of Q.637 in Figure 
113, how much current can it handle at 25°C? 



The current capability can be found by dividing the maximum power by the voltage: 



I 

max 



Dmax _ 7 .98w 
E " 5.3v 



1.5A 



We have applied some of the basics that were previously discussed to the foregoing 
example. The particular power supply that we were discussing provides a reference 
voltage for other supplies in the a-c power supply of the Tektronix Type 422 
portable oscilloscope. The zener diode used has a low temperature coefficient of 
voltage and s i 1 i con . NPN transistors are used in the amplifier. 
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DARL INGTON OR COMPOUND CONFIGURATION: 



When high input resistance and high 0 are required, a configuration such as shown 
in Figure 115 can be used. An extremely high 0 and input resistance can be accom- 




This configuration is referred to in a number of ways. Compound connection and 
darlington circuit are two. Notice in Figure 115 that the emitter current of Qj 
is supplied by the base of (* 2 . The collectors are connected together, and we 
have a three-terminal device again. Some manufacturers are supplying a darlington 
connection in one encapsulation. 



To see how the darlington circuit can offer such a high input resistance and 
equivalent 8 , consider the currents and values of a and /Sin Figure 116. 
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If the configuration in Figure 116 were placed in a black box, such as shown in 
Figure 117, and measurements made to obtain parameters, the results would not indi- 
cate the number of transistors. 




If a measurement is made to obtain 0 or h^, as shown in Figure 117, the equation 

A l out _ ^c _ 49.98 x 10~ 3 

,-3 



fe “ Ai 



i n 



Ai. 



2499 



0.02 x 10 



Therefore, a measurement of h^ e on the configuration in Figure 116 gives an equiva- 
lent beta of nerely 2500. Equivalent collector current is i c) + i c2 , and: 



i , = h, . i 
cl fel 


bl 










'b2 - h f e 2 1 


b2 










'b2 = 'el 












‘b2 = (h fel 


+ 0 


'bi 








‘c2 - < h fe. 


+ 1) 


‘bi 


h fe2 






'c(eq) “ 'cl 


+ i 


c2 = 


‘bl h fel 


+ 


'bl (h fel 


'c(eq) _ 'bl 


E h f 


el + 


(h fel + 


0 


h fe2] 


h fe(eq) h fel + 


( hfe] + i) h 


fe2 





and: 



172 



Since we have assumed equal betas in the configuration in Figure 116: 

4 fe(eq) = 43 + (50) 43 = 2433 

Having identical betas is not the typical case. Since the emitter current for 
transistor G, is supplied by the base of G 2> the operating points of the two tran- 
sistors will be quite different. It might be necessary to select a transistor for 
Qj that has good h^ g characteristics at low currents. If the current in Gj is too 
low to allow a significant h fel , a long tail resistor can be used to supply added 
emitter current to Gj , as shown in Figure 118. 



+ 




Some of the signal current will be lost in the added resistor, but the increase 
in the h J - e of transistor Qj will probably more than compensate for this. 

A quick approximation of the equivalent h^ e of the darlington circuit is simply: 

h fe(eq) ~ h fel h fe2 

and if the betas are near equal: 

2 

^fe(eq) ~ ^fe 




DARLINGTON INPUT RESISTANCE: 



i n 




tor Qj and ground. The input resistance of Qj is increased by the input resistance 
of Q 2> which is increased by the resistor R^ in the emitter. To simplify the pro- 
blem, let's assume that transistors and Q 2 in Figure 119 both have a d-c and 
a-c beta of 50 at their respective operating points. This is not very likely, but 
in a hypothetical problem, we can assume it. Just don't expect it to be the rule. 



The base of Q ( is at +50v. If we neglect the base-emitter drops of the two tran- 
sistors, we can say that the emitter of Q| and, therefore, the emitter of Q 2 is 
near +50v. This requires R g2 to drop approximately 50v. 



I 



E2 



r 



e2 



50v . 
Ik ' 

26 

50ma 



50 ma 

i 0.52fi 



r i 2 « (h fe2 + 0 (r e2 + r bulk2> + (h fe2 + ’> R =2 
r ;2 w (50 + I) (0.520 + 2Q) + (50 + I) 1 kfl w51 ! 129kQ 



The emitter current of Q.j is the base current of Q 2> or approximately lma; therefore: 

1^1 ss lma 

~ 16_ 
r el lma 



260 




r «*/ 



174 



r . 



r . 



i 1 



r . 



i 1 



< h fe. + ’> <r el + r bulk) + (h fe. + '> r i2 

(50 + 1) (26Q + 2Q) + (50 + 1) 51 . 129kQ 

1 .428kn + 2607.63kfl 



r . j ® 2.609 meg SI 



It is evident that when there is a resistance in the emitter of Q_ 2 that is of 
significant size, the input resistance can be approximated by: 

'■(«,)" (h fel + ’> < h fe2 + ') R e2 

In the problem just solved, the input resistance would have been approximated as: 

r . » , « (50 + 1) (50 + 1) lkfl ~ 2.601 megQ 

• (eq) 

TYPICAL DARLINGTON CIRCUIT: 



♦ 125V 




FIGURE 120 
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Figure 120 shows two darlington connections being used as the two sides of a sig- 
nal comparator or difference amplifier. This is a circuit that we observed earlier 
in this volume when discussing the use of a long tailing transistor. The circuit 
is in the Signal Comparator in the Tektronix Type 6R1A Digital Unit. It includes 
several of the approaches that we have been discussing in this volume. 



HIGH FREQUENCY CONSIDERATIONS : 

Miller Effect : 

Miller effect in transistors can be compared to Miller effect in vacuum tube ampli- 
fiers, discussed in the book, "Typical Oscilloscope Circuitry". We will discuss 
Miller effect first because it deals primarily with capacitive effects, external of 
the transistor itself. It does play a part in limiting the high frequency perfor- 
mance of the transistor. 

Consider the transistor in Figure 121. Note that the stray and interelectrode 
capacitance between base and emitter and base and collector will shunt the input of 
the transistor. 




FIGURE 121 



The input generator must supply current to charge both capacitances. With the 
common emitter configuration, however, the collector voltage is 180 ° out of phase 
with respect to the base voltage (normal phase inversion), assuming no other phase 
shift. Assuming a voltage gain of 10 in the configuration in Figure 121, a negative 
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going lmv change at the base will be accompanied by a positive going lOmv at the 

collector. Since the base side of C bc has moved negative by lmv and the collector 

side of C. has moved positive by lOmv, the input generator must supply enough 
be 

current to change the voltage on C b( _ by llmv. To the input generator, this simply 
looks like a larger capacitance. The effective C bc can be calculated by: 

C bc(Mi 1 ler) = C bc (1 “ V 

When A v is negative, as it is with the common emitter configuration, (1 - A y ) be- 
comes 1 - (-A v ) = 1 + A y ). This effective magnification of the collector-base 
capacitance is referred to as Miller effect. Miller effect is very much a problem 
in vacuum tube triode configurations, with their reverse biased, high resistance 
inputs. Of course, the Tetrode and Pentode vacuum tubes place another isolating 
grid between the control grid and plate. 

The transistor with its forward biased , low resistance input has the input capaci- 
tance shunting a much lower input resistance than its vacuum tube counterpart in 
the majority of applications. 



High Frequency Models : 

There are a number of resistive-reactive time constants inside the transistor itself 
that limit the high frequency operation. 



Diffusion and Transition Region Capacitance : 

We have discussed the capacitance that exists across a PN junction in earlier vol- 
umes. In Volume 2 and Volume 6, this capacitance was put to use in the voltage 
variable capacitor. The capacitance existing across the PN junction is referred 
to in a number of ways. Transition capacitance, carrier capacitance, and junction 
capacitance are some. We will refer to it as transition capacitance. 

The transition capacitance is a result of the electric field existing across the 
transition region and is, therefore, voltage controlled. (Remember, the diode was 
referred to as a "voltage variable capacitor".) 



! 
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The capacitance referred to as "diffusion capacitance" is a result of the effective 
stored charge of diffusing carriers. Therefore, diffusion capacitance is essentially 
current controlled. Table 8 in Volume 6 represented the transition capacitance at 
the emitter and collector junctions with variable capacitor symbols across the 
junctions, and the charge in the diffusion capacitance was represented while the 
diffusion capacitance was part of the parameter "Storance". The physical or 
charge control model used in Table 8 of Volume 6 is one method of representing the 
electrical characteristics of the transistor so that they closely relate to the 
physical transistor. We will use a different model for this discussion to give 
one more approach to transistor analysis. 

Suppose we start with the low frequency T equivalent circuit, such as shown in 
Figure 122. 
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FIGURE 122 



This model is valid at the standard frequency at which the parameters were measured 
(generally 1 KC) , and probably up through the audio frequencies. At the medium 
frequencies, transition capacitance starts to play a limiting role along with in- 
ternal base modulation. To understand internal base modulation, you may want to 
review Table 9 in Volume 6. The active base width was shown as a determining 
factor in emitter current in Table 9. When the collector voltage varies, the width 
of the collector transition region varies and, therefore, the width of the active 
region of the base. Modulation of the emitter current is the result, and this feed- 
back can be represented by a voltage generator in the emitter circuit allowing r g 
to remain the same. This is illustrated in Figure 123. 
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The capacitors C gb and C cb represent the voltage variable transition capacitances 
at the emitter and collector junctions respectively. The voltage generator h J2 v cb 
takes into account the base width modulation. r fa is the resistance between the 
base terminal b and the active region of the base b', and is sometimes given the 
symbol r, . 1 . r ' can be a distributed resistance in some transistors, but it is 
typically lumped and assumed to be purely resistive to simplify analysis. 

We probably should stop for a moment and consider some important points. The models 
and parameters that we are now starting to discuss will probably be of little use 
to the analysis and design of transistor ci rcui ts . The parameters are difficult to 
measure and unweidly for design and analysis. The models and approaches will point 
out the important limiting parameters given by the manufacturer, and allow the 
formulation of less demanding approaches to the selection of high frequency tran- 
sistors and design and analysis of high frequency circuits. 

Consider the model in Figure 124. The resistance r b ' is shown as a distributed re- 
sistance in Figure 124. The collector capacitance is shown as being essentially 

transition capacitance (C ). The collector junction is reverse biased, involving 

t c 

high electric fields, and as long as there is not significant collector storage 
(see Table 8, Volume 6), the capacitance is primarily transition capacitance. The 
emitter capacitance is shown as being essentially diffusion capacitance. The 
emitter-base junction is a forward biased junction (typically), and the diffusing 
carrier density, adjacent to the junction, is high. 
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(IN HF T-EQUIVALENT CIRCUIT) 

FIGURE 124 



Resistors r 



r. 1 , and r 1 in Figure 124 are a combination of the bulk resistance 
e ' b ’ c 

and contact resistance between the active regions and the transistor terminals. 



i. , 1... and 1. are the lead inductances inside the encapsulation, and 1 , 

ie’ ib’ ic ee 

and 1 are the inductances of the leads, external of the encapsulation. C , 
ec P et 

C . , and C . are the capacitances associated with the encapsulation, 
pbc’ peb 



eb» 



It should be evident from Figure 124 that such a model would be very difficult to 
work with for general analysis and design. A simplified model and approach is 
called for. 



The lumped diffusion model in Table 8 of Volume 6 was one simplification. It dealt 
with the charge control approach to analyzing the transistor's characteristics, 
along with its high frequency and switching speed limitations. We will use the 
hybrid x approach here to give another example of a model and analysis approach. 

Figure 125 is the hybrid x model for medium frequencies. As we discuss it, you will 
probably be able to relate it to the lumped diffusion model. 
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FIGURE 125 



The parameters in Figure 125 are as follows: 

r^' = bulk resistance plus contact resistance from the base terminal to 
the active base region (b to b') 

q ' = the emitter diffusion conductance as seen from the base far — ) 

b e p r 



C^ e ' = essentially the emitter diffusion capacitance. The time constant 



*b e 



I 



be t 



This, by the way, is the time constant T ^ in the lumped diffusion 
model. Table 8, Volume 6. 



= essentially the collector transition capacitance 
g ' = essentially the conductance from the collector to the active re- 

C D | 

gion of the base « (— or h Qb ) 

9 m V b'e = 9 m is essentia ^y the reciprocal of r e . v b' e is the signa ^ 

voltage from the active region of the base to the emitter ter- 
minal. The product of the two is the current in the output 

circuit as a result of v ' . 

b e 





g 



ce 



the feedback conductance. If v jj' e ' s assumed constant, and a 
voltage change (of appropriate frequency) is applied, collector to 
emitter, the conductance: ' c 



ce 



v 



ce 



i 

c 



v h 1 
ce r 



r 

e 



(where h 1 v is the feedback generator) 
r e ce 



therefore: g ce ~ — - — 

Any external emitter resistance or inductance (to include r g ') will reduce g m - Th 
value of q after external resistance and inductance in the emitter has been taken 
into account can be found by: 



, _ 

1 + 9mV r e (externa1) 2+ X L Z 

where* R , ,* is the sum of all series external resistance in the emitter 

e(externa I ) 

1 ead 

X L is the inductive reactance in the emitter lead 



The cut-off frequency for g m , where g m has been reduced to 0.707 of its low fre- 
quency value as a result of the shunting by C b ' e , is given by: 



— |— + r ' 
g. b 

b e 



gm(3db) 



2»-C ' r' 



1 



b e b %‘ e 



It can be seen from the hybrid x model, that the factors discussed in Table 8 in 
Volume 6 are evident here too. Low values of C^' an£ l r^ 1 are prerequisites for 




high frequency operation. Adding gold (gold diffused base) in the base to reduce 

r ' and the frequency limiting time constant was discussed. Low values of collector 
b 

capacitance is also indicated due to its providing feedback from the collector to 
the base. Manufacturers have specified f^^ or fcr^, and f^ e or f a g for high fre- 
quency transistors for sometime. These cut-off frequencies along with f^ were dis- 
cussed in Volumes 3 and 6. They are given as: 

f hfb = fa b = frec l uenc y at which h f b (° ra ) is 0 -707 of its low frequency 
(usually lkc) value 

f = f a = frequency at which h f (or 0) is 0.707 of its low frequency 
(usually lkc) value 

fj = frequency at which h fe (or 0) is equal to one or unity 



There is 
and f^ 
unity. 



another frequency, f^ , which is the maximum frequency of oscillations, 
is the frequency at which maximum available gain (M.A.G.) is reduced to 
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VARIOUS TIME-CONSTANTS LIMITING THE CAIN-BANDWITH 
PRODUCT Of THE TRANSISTOR 



COURTESY OF GENERAL ELECTRIC COMPANY, SEMICONDUCTOR PRODUCTS DEPARTMENT 

FIGURE 126 

Figure 126 shows the frequency limiting time-constants illustrated with resistors 
and capacitors, rather than the physical parameters, storance, combinance, and 
diffusance used in Table 8 in Volume 6. 



For the model in Table 8 of Volume 6, the frequency f T could be found by: 




For the model in Figure 126, f-j. is: 



fT = P"B + r l < C e + C c'J 

In addition, if r ', the collector bulk resistance, is a significant value, the 
c 

time constant of r ' and the collector transition capacitance must also be added. 
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MAG, I hr. | . I hn I VS. FREQUENCY OF TYPICAL UHF TRANSISTOR 

COURTESY OF GENERAL ELECTRIC COMPANY 
SEMICONDUCTOR PRODUCTS DEPARTMENT 

FIGURE 127 

Figure 127 plots the frequency limitation parameters of a typical high frequency 
transistor. 

From the curves in Figure 127, if one stays on the 6db/octave slope; 

„ 3 

h fe(at f d ) f d 

Therefore, h^ at any desired frequency (f^) along the 6db/octave slope can be 
found when f y is known. h fe at any frequency down to f hfg can be found with re- 
duced accuracy. 



therefore: 



M.A.G. (at f.) = Wfj » C, 

ir V 

>2 



Ve(at 



43 



M.A.G. (at 



f j M ( f d) 2 *4 



4 r. 



M.A.G. (at f .) « 



8T f d V C c> 



and if f^ 



where M.A.G. 



= 1 



is substituted; 




If only f^ e or f a ^ is given for the transistor, the loss in db at a desired fre- 
quency can be approximated by: 




Interstage losses between high frequency transistors can be calculated in the same 
manner by: 



Adb « 10 log 




where: j 

f co- ITC777 

C T = total shunting capacitance in the interstage network to include in- 
put and output capacitances of the transistors 




r 



T 



total equivalent resistance of the interstage network to include the 
input and output resistances of the transistors 



SECTION TWO 



SWITCHING CIRCUITS : 

The transistor as a switch, its advantages, limiting factors, and methods of mea- 
suring switching parameters were discussed in Volumes 3 and 6. The section in 
Volume 6 dealing with pulse and switching thermal limitations on power for diodes 
is applicable to switching transistors. The approaches outlined can be directly 
applied to the transistor as a switch. We wi 1 1 concentrate on the transistor 
switch as a circuit element in this portion of Volume 7. 



SIMPLE TRANSISTOR SWITCH: 
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FIGURE 128 



Figure 128 shows transistors being used in the 6R1A Digital Unit in a very simple 
switching arrangement. 




The emitters of the transistors are returned to ground through a 47 ft resistor and 
a lamp. When the transistor conducts sufficient current, the lamp lights. When 
the transistor is not conducting, the lamp is out. The transistors in Figure 128 
are simply acting as a switch that can handle sufficient power to illuminate the 
lamps, while requiring much less power from the circuit driving the transistors. 

The transistors in Figure 128 are used to convey a message visually. In either of 
the two states, ON or OFF, the lights can indicate an occurance within the unit. 

As an example. 033 lights the upper limit lamp when it conducts. There are counters 
in the 6R1A Digital Unit. It is possible to program the unit so that a count 
greater than a selected number will light the upper limit light. Knowing this, the 
light when on conveys one message, and a different message when off. When the upper 
limit light is on, the counters have counted to a number greater than the one 
selected as the upper limit. When the light is off, the counters have not counted 
to a higher number than selected as the upper limit. 

Much the same can be said for the action of Q53 with the exception that 053 con- 
ducts and lights the lower limit light when the counters do not reach a number 
selected as the lower limit. If the number selected is exceeded by the counters, 
the lower limit light does not light. 

If the counters reach a number above the selected lower limit , but below the 
selected upper limit , the only lamp that lights is the mid-zone lamp. 

Figure 129 shows the circuitry that drives the transistors in Figure 128. The 
switching action of the transistors is much the same as in Figure 128; however, the 
transistors in Figure 129 are connected to perform some logic switching as well. 

A quick inspection of Figure 129 should reveal that Q23 , Q43 , and Q64 have no 
supply voltage or complete path for current, unless Q 1 3 is in conduction. No 
lights can be lit if 013 is off, because the driving transistors cannot be tuned 
on. 013 has its emitter returned to ground through 0.23, Q43 , 064, and their 
associated circuitry. In order to turn on 013, we must drive its base negative 
with respect to its emitter. The logic levels (print command from master gate) 
at the base of 014 are Ov and +20v. In other words, the base of 014 will either 
be at +20v or ground potential. When the base of Q 1 4 is at +20v with its emitter 




returned to +20v, it will not conduct. Remember, the emitter base junction must be 
forward biased to turn the transistor on. The collector of 014 will be at -12. 2v. 
The base of Q.1 3 (a PNP transistor) has approximately -12. 2v applied under these con- 
ditions, and Q.13 is on. Since the emitter of 013 has very near the same voltage 
as the base when the transistor is conducting, the emitter of 013 is a -12. 2v 
supply for transistors 023 , 043, and 064. We can see that the lights can only 
light when the logic level at the base of 014 is +20v. When the logic level at the 
base of 014 is ground, Q.14 conducts. Disregarding the base-emitter voltage, the 
emitter of 014 is very near ground. This requires R13 to drop approximately 20v. 
The emitter current of 0.14 can be approximated as: 



1 E (Q.1 4) 



20v 

R13 



20v 

4.7k 



« 4.25ma 



To determine the collector voltage, we can assume that all the emitter current flows 
in the collector, and calculate the drop across Rl4. 

E R,4* R 14 'E«il4) “ 3 - 3k 4 - 25ma K,4v 

It is evident that 014 saturates and the collector is very near ground. Therefore, 
013 is off and the lights cannot be lit. When 014 is off, it enables the limit 
light driver. When 014 is on, it disables the limit light driver. Note that the 
logic level at the base of 014 must be +20v for the limit light driver to be 
enabled. This corresponds to the time when the counters are not counting in the 
6R1A Digital Unit. This means that the lights can only light after the counters 
have finished counting. Transistor 014 accomplishes one more task. The logic 
levels in the master gate are Ov and +20v. The logic levels in the limit light 
driver are Ov and -12. 2v. Transistor 014 and its circuitry changes the logic levels 
so that the levels in the limit light driver are compatible with those in the 
master gate circuitry. 



Let's look at the driver transistors, 023, 043, and 064, in Figure 129. The logic 
levels at the bases of 023 and 043 are Ov and -12.2v. Their emitters are returned 
to ground through resistors. It should be evident that 023 or 043 will only conduct 
when the logic level at their base is -12. 2v. When the counters count beyond the 
selected limits, the logic level at the base of the appropriate driver transistor 
becomes -12. 2v. If the limits are not exceeded, the level at the base of transis- 
tors 023 and 043 is Ov, and they are non-conducting. If this is the case, there is 
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no forward bias applied to Q.64, and it is non-conducting as well. When this con- 
dition exists, Q33 and Q.53 remain off (base and emitter both essentially returned 
to ground). Q63, however, has its base returned to -12. 2v when Q13 conducts, and 
the mid-zone lamp is lit. Therefore, when the circuit is enabled by a print 
command, if the selected limits have not been exceeded, the mid-zone lamp automati- 
cally lights. 

If the logic level is -12. 2v at the base of either Q23 or Q43 indicating that a 
selected limit has been exceeded, that transistor will conduct lighting the 
appropriate limit lamp. Either Q.23 or Q.43 conducting provides enough forward bias 
to turn on Q64, which makes it impossible to light the mid-zone lamp. This example 
indicates how the transistor operated as a simple switch can accomplish logic when 
arranged properly in appropriate circuitry. 



MULTIVIBRATORS : 

The vacuum tube versions of the multivibrators discussed here are covered in 
Chapter 10 of the Tektronix book, "Typical Oscilloscope Circuitry?. 

ASTABLE : 

The astable free running multivibrator is a regenerative switching circuit that 
does not have a stable state. Consider the circuit in Figure 130. The configur- 
ation in Figure 130 is an astable multivibrator. The bases of the transistors are 
returned to the supply voltage through the base resistors, and any collector changes 
are coupled to the opposite base through the coupling capacitors. When power is 
applied, the voltage applied to the bases will start to draw biasing current, and 
the transistors will try and conduct. We must assume some unbalance in the circuit 
so that one transistor will conduct a bit more than the other, initially. Let's 
assume the collector voltage of Qj falls a bit more rapidly than the collector of 
$ 2 * This change coupled back to the base of will tend to reduce the Q ^ current. 

The collector voltage of Q 2 will rise, and this change is coupled back to the base 
of Qj , further increasing the current in Qj . This continues until Qj saturates, 
and ^2 ' s off. The total voltage change that occurs at the collector of Qj is 
approximately equal to the supply voltage V^, neglecting any voltage across the 
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transistor [V c E ( s a t ) ] ' The base ° f ^2 is driven ne 9 at ' ve b Y the total change at 
the collector of (which in this case is approximately equal to V cc ), because C c 
cannot change its charge instantaneously. 




At the instant Qj becomes saturated. 



the condition exists as shown in Figure 131. 




As shown in Figure 131, C^. ^ is charged with its plate that is connected to the 
base of Q^’ charged to approximately -V^ with respect to ground. Rg j is returned 
to the supply voltage +V C( .. c c ] starts to charge toward +V C( .. The total voltage 
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excursion that j can charge through is -V^ to or a total excursion of 

2^CC' figure *32 illustrates the RC exponential charge curve involved. 



+V 




If we assume that the transistors will start switching when the base of 0 2 reaches 
0V f the capacitor C c f will only have to charge over 5C % of its total possible 
voltage excursion before switching occurs. After the base of Q 2 reaches OV, the 
voltage starts to forward bias Q 2< Once Q 2 starts into conduction, the change at 
its collector is coupled to the base of Qj , which starts to bring it out of satur- 
ation. The regeneration continues, and Q ( switches off and Q 2 saturates. This 
action continues, and the amount of time that the transistors spend in one state or 
the other is determined by the time constant of the base resistor and coupling capa- 
citor, along with the total voltage excursion over which the capacitor can charge. 



When the base resistors are returned to the collector supply voltage, such as in 
the circuit in Figure 130, the time in one state is approximately 0.693 RgC^. time 
constants, as shown in Figure 132. One pulse width of the square wave output of 
the multivibrator in Figure 130 can be calculated by: = 0.693 RgCj. 

The frequency of an astable multivibrator is: 

frequency . pU| j ^ 
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If the multivibrator is symetrical (PWj = PWj) , the frequency is: 

frequency = 

and in the case of the multi in Figure 130 with the base resistors returned to the 
supply voltage: 

frequency - 2(o 6 g3 R^) 

If an approximation is not good enough, the current flowing when the transistor is 
in its off state and the voltage across the transistor in its on state must be 
taken into account. The total possible voltage excursion at the collector of the 
transistor (AE^.) is not V cc> but: 

AE C = V CC " 'CEO R L ' V CE(sat) 

The total voltage excursion over which C^. can charge (AEj-) is: 

ae t- v cc +4E c 

One pulse width can be found by: 

" M - Vc lo 9. 5J) 

and C c are the timing components 

AE t is the total voltage excursion over which C c could charge 

E is the voltage left across the resistor R_ at the time of switching 
RB D 

For the configuration in Figure 130: 

■ V. 



where: 



Since the total voltage excursion over which could charge is +AEj., and 
the voltage left to go or left across the resistor R^ is at the time of 
swi tching. 
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Frequency can be found by: 



frequency = Rg | C c ^ log 






>2 C C1 



and if the mul tivibrator is symetrical: 



frequency 



2 R b C c log 







FREQUENCY CONTROL : 

A circuit, such as shown in Figure 133, can be used to vary the frequency of the 
multivibrator without affecting the symmetry. 




FIGURE 133 



This is essentially varying the supply to which the base resistors are returned, 
which varies the total voltage excursion through which C c can charge while the 
collector change remains the same. Reducing the voltage to which the base resistors 
are returned, increases the pulse width and reduces the frequency of the multivi- 
brator. 

SYMMETRY CONTROL : 

Figure 134 illustrates a means by which the symmetry of the multivibrator can be 
adjusted. Adjusting R, effectively changes the size of R^ and R^ and the value 
of supply voltage to which they are returned. In other words, if we did a Thevenin 
analysis at different settings of Rj , we would find the collector returned to 
different equivalent supply voltages through different load resistors. Properly 
selected, Rj will alia- adjustment for desired waveform symmetry. 




COLLECTOR RISETIME : 

The voltage at the collector of the transistor can change no faster than the capa- 
citance at the collector can charge. The risetime is that time between 1C % and 
90% on the collector voltage waveform, and this corresponds to 2.2 RC time con- 
stants. The collector capacitance of the transistor itself is only a few pico- 




f 

farads and, unless the timing capacitor C c is very small, will not play the limiting 
role. Figure 135 illustrates the charge path of the timing capacitor for risetime 

considerations. 




FIGURE 135 

If r l is large compared to the Q £ resistance, the risetime of the Q, collector is 
risetime (t r ) = 2.2 R^ Cqj 

MONOSTABLE MULTIVIBRATOR : 

r 

One of the timing networks in the astable multivibrator can be replaced with a 
d-c divider returned to a source of voltage, giving the multivibrator one stable 
state. This is illustrated in Figure 136. 

The voltage divider R, and R 2 establish a reverse bias on Q., , maintaining it in 
cut-off, while Q 2 is in saturation. When the multi is first turned on, the base 
of Q returned to the supply voltage V cc insures that <* 2 comes into conduction, 
and the reverse bias is established on Q, . The multivibrator now has a stable 
* state, and external energy must be applied to cause it to change states. 

, TRIGGERING THE MONO-STABLE : 

Quiescently, the multi in Figure 136 is its stable state of Q, off and Q 2 in 



i 
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saturation. An applied trigger initiates switching by bringing Q out of saturation 
enough for regeneration to occur. 




FIGURE 136 



The trigger could also turn on (J 2 enough for regeneration to occur. The collector 
voltage of Q changes from approximately ground potential to approximately 
once switching is completed. This change at the collector of Q 2 raises the voltage 
level at the base of Q| high enough for to turn on and remain in conduction. 

The opposite polarity voltage change at the collector of Q| is applied to the 
base of Q 2> because the capacitor cannot change its charge instantaneously. C c 
and R 0 serve the same timing task as they did in the astable. The base of Q 2 is 
driven down to a voltage approximately equal to -V C( ,, and the timing network and 
calculations previously discussed for the astable multivibrator apply here as well. 

When the capacitor charges to a point where the base of Q 2 reaches approximately 
OV again, 0. 2 starts back into conduction, the regeneration occurs, and the multi 
is once again in its stable state. The divider of Rj and R 2 returned to a negative 
supply will hold in cut-off until another trigger is applied and switching is 
initiated again. 

When 0. 2 returns to conduction, capacitor should be allowed to charge before 
another trigger is applied, or else the pulse width will vary. The time constant 
involved is R^j and C^. At least 4 R^j C^. time constants should be allowed after 
switching before another trigger is applied to assure a constant pulse width. 
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The pulse width when triggered is determined by the Rg C c time constant and the 
voltages involved, and can be calculated just as it was for the astable. The 
repetition rate, of course, will be governed by the repetition rate of the applied 

triggering signal . 

With the multi in its quiescent state of G 2 in saturation in Figure 136, most com- 
binations of R, and R 2 returned to a negative supply will maintain G, in cut-off. 
The determining factors in the selection of R, and R ? are: 



1. Emitter-base reverse breakdown of Qj 

2. Magni tude of l CB0 

3. Triggering requirements 



The reverse voltage applied to H, by the divider must not exceed the emitter base 
breakdown of Q.j . 

The greater the reverse bias applied to Q, , the greater the required magnitude of 
triggering signal . 



of G flows through the parallel combination of R, and R 2 in Figure 136. 



An 



increase In temperature will increase all other factors held constant. If 

R and R, are too large, the l CB0 drop can bring H, out of cut-off by overcoming 
the negative supply. R, and R 2 should be selected with these limitations in mind. 
Even if R, and R 2 are selected properly, it should be brought out that an increase 
in temperature will reduce the required magnitude of a triggering signal. This is 
due to l CB0 reducing the reverse bias on Qj . 



R ( and R 2 must also allow enough base current when the circuit is switched to 
saturate Q.^ . 



Note in Figure 136 that a capacitor has been placed in shunt with R,. This is 
the speed-up capacitor discussed in Volumes 3 and 6, and optimum value is when 
the charge on C 0 in Figure 136 is equal to the stored charge in Q, when the tran 

sistor is saturated. 




198 



TRIGGERING ; 

Referring to the multi in Figure 136 again, a trigger can be applied to the base 
of Q.j to bring Qj into conduction. (The trigger could be applied to the collector 

of 0. 2 and coupled through C g to the base of Qj .) A trigger can also be applied to 

the base of Q 2 to turn $2 (This trigger could be applied to the collector of 

Qj and coupled through to the base of Q^.) 

If the trigger is applied to the base of Q ( , it must be sufficient magnitude to 

turn on Qj and get regeneration started. If the trigger is applied to the base 
of Q. 2 , the trigger is amplified as Q 2 comes out of saturation. A high amplification 
factor is involved, because Q 2 is at a high current, high gain point as it comes out 
of saturation. 

EMITTER-BASE BREAKDOWN; 




FIGURE 137 



In all of the multivibrators discussed here, there is the possibility of a reverse 
voltage as high as V C( . being applied to the emitter-base junction of the transistor. 
If the reverse voltage applied exceeds the emitter-base breakdown voltage of the 




transistor and breakdown occurs, the timing calculations are not valid. To prevent 
emitter-base breakdown from occuring, another diode can be placed in series with 
emitter-base junctions. The reverse voltage will distribute across the added diode 
and the emitter-base junction, and the breakdown rating of both must be exceeding 
before breakdown can occur. This is illustrated in Figure 137. 

The diode could also be inserted in series in the base lead. This is a low current 
point, however, and the resistance of the diode is high and enters into the timing 
calculations. When the diode is placed in the emitter lead, emitter current of 
the transistor flows through it, and its resistance can be fairly low. The voltage 
across the diode becomes part of the collector to ground voltage of Q 2 when it is 
in its on state. When (* 2 is on, the diode in its emitter simply becomes forward 
biased, and conducts the emitter current of Q 2 - 
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Consider the configuration in Figure 138. The transistor is off quiescently and, 
therefore, has one stable state. The transformer is arranged to provide regenera 
tive feedback from collector to base. If a negative going trigger of sufficient 
magnitude is applied at the input, a positive going change is coupled back to the 



base. This starts to turn on the transistor and the regeneration continues until 
one of two things occurs. 

1. The transformer core saturates, or 

2. The transistor saturates 

Let's consider what happens if the transformer core saturates (much the same action 
occurs when the transistor saturates). The current in the transistor and, as a 
result, the current in the transformer primary increases until the core saturates. 
When the core saturates, there is no longer regenerative feedback to the base, 
and the base starts seeking its reverse bias supply once again. Once the trans- 
former can recover , regeneration occurs in the opposite direction and the transis- 
tor turns off again. The width of the output pulse depends on the recovery time of 
the circuit. Once switching is instigated by an input trigger, and until the base 
of the transistor has completely recovered to the point that it will trigger on 
the magnitude of input trigger applied, the triggering information can be said to be 
blocked . No triggering can occur until the blocking oscillator completely recovers 
again. 

If it is desired to vary the trigger's sensitivity of the circuit, the amount of 
reverse bias applied to the base can be changed. Changing the time constant in 
the base circuit will vary the base recovery time, and the maximum repetition rate 
of the blocking oscillator. 

Blocking oscillators can find a multitude of uses. They can be used as count-down 
circuits by giving' an output when triggered and then blocking any triggering infor- 
mation until the circuit is recovered. 

TYPICAL BLOCKING OSCILLATOR CIRCUITS : 

Figure 139 shows a blocking oscillator used to both shape a pulse and count down 
to lOOkc. 

The components in the blocking oscillator in Figure 139 are selected so that the 
blocking oscillator gives an output square pulse, 200 nanosec wide. R33 allows 
the reverse voltage applied to the base to be varied, which varies the triggering 
amplitude requirement. The time constant in the base is selected so that the 
maximum repetition rate of the blocking oscillator is lOOkc. The blocking oscillator 



in Figure 139 is in the Tektronix Type 111 Pretrigger Pulse Generator. 




The pulse generated is the pretrigger. The pulse is also used in a variable delay 
circuit, using another blocking oscillator to trigger the output pulse of the Type 
111. Figure 140 shows the blocking oscillator in Figure 139, and the circuitry 

it is driving. 

The circuit in Figure 140 includes several semiconductor switching circuits that 
we have discussed and is a good example for analysis. Let's look at the overall 
picture before going on. 

Q84 is an avalanche transistor that generates a pulse when triggered, which is 
shaped by an externally connected charge line (piece of open ended transmission 
line). When triggered, the leading edge of the pulse is applied to the charge 
line. It travels to the end of the charge line, doubles back on itself, and is 
reflected back up the line. When the reflected wave reaches the input of the 
charge line, the input signal and the reflected signal (which are l 80 ° out of 
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phase) cancel, and the pulse is terminated. The pulse will only be present while 
the leading edge is moving down and back up the charge line; therefore, the pulse 
width is approximately twice the electrical length of the charge line. In other 
words, if it takes a pulse 10 nanoseconds to travel down the charge line and 
10 nanoseconds to travel back up the charge line, the pulse will be 20 nanoseconds 
wide. Most texts and references on transmission lines and systems cover this in 
more detail. "Nanosecond Pulse Measurements", C. N. Winningstad, IREWESCON Record, 
i960, and "Pulse Reflection Measurement of Transmission Line Impedance and Discon- 
tinueties", Gordon D. Long, Tektronix, Inc., 1962 are good sources. 

The avalanche transistor is base triggered by a signal from the blocking oscillator 
using Q60, coupled through a fast switching diode D 80 . 080 is a Tektronix Gallium 

Arsenide diode for switching speed. 

The blocking oscillator of Q60 is very similar to the blocking oscillator in 
Figure 139 with the exception that the transistor saturates before the transformer 
core; however, the regeneration ceases and the action is very similar. Once 
positive excursions in the output are required to trigger the avalanche transistor, 
and Q60 serves to clip any negative going excursions. The blocking oscillator is 
triggered in the emitter, and R53 in the base allows the adjustment of the required 
triggering level . 

The blocking oscillator is triggered in the emitter circuit by a ramp waveform. 

The ramp is actually generated in the emitter circuit, and this will be discussed 
shortly. The circuit serves the dual role of a comparator that allows a variable 
delay between the time of generation of the pretrigger and the time of triggering 
the avalanche transistor and generating the leading edge of the output pulse. The 
Q.60 blocking oscillator allows much the same results as the "Delay Time Multiplier" 
circuitry in the 530/540 series Tektronix oscilloscopes. 

With no signal from the Q40 blocking oscillator, D62 is cut-off and D64 is in con- 
duction. The current path is from ground through R62, D64, R 66 , and R64 to the 
+135V supply. 

When Q40 in Figure 140 is triggered, a 10V positive going pulse is applied to the 
anode of D62, turning D62 on. The pulse generated by the Q40 blocking oscillator 




is 200 nanoseconds wide; therefore, D62 will remain on for 200 nanoseconds. This 
pulls the cathode of D64 positive and D64 cuts off. We could do a Thevenin 
analysis, but it is not necessary here. With D64 off and Q60 off, capacitors C67 
and C68 start charging toward 135V. It can be seen that only a very small portion 
of this exponential change will occur before the emitter of Q.60 is raised high 
enough to turn on Q.60 . (The base is only returned to a portion of the 6 V supply.) 
When Q60 turns on, the B.O. regenerates and the avalanche transistor is triggered. 
Capacitors C67 and C68 discharge through Q60, and the circuit cannot be triggered 
again until the blocking oscillator recovers. 

The ability to adjust the level at the base of Q60 allows selection of that point 
on the ramp generated in the emitter, at which it is desired to have the blocking 
oscillator triggered. Since it takes different times for the ramp to reach 
different selected levels, the adjustment of the base reverse voltage becomes a 
variable time delay control. Resistors R51 and R54 allow the range of delay times 
to be varied, and are similar in operation to the delay start and stop adjustments 
in the 530/540 series Delay Time Multiplier circuit. 

Figure 141 shows a blocking oscillator in another configuration in which the 
blocking oscillator is providing a triggering signal and an output pulse. 

The blocking oscillator is made up of Q2010 and its circuitry. The reverse bias 
on the base is fixed in this case and set by the drop across D2013. Therefore, 
the required trigger amplitude is constant. A 2 V positive trigger is coupled In 
through C2018 and D2018 to the collector of Q2010. Regeneration starts and the 
B.O. switches. (12024, the memory gate driver, is a good example of taking advantage 
of transistor stored charge in a switching application. Q.2024 is normally biased 
off by the small positive voltage drop across R2021 and 02022. When the B.O. 

(Q.2010) switches, the negative going pulse coupled through D2022 drives Q2024 into 
saturation. When Q2010 recovers, 02024 must lose its stored base charge before 
it can come out of saturation. The only path for removal of the stored charge is 
through RI022 and R1023. R1023 is variable to allow adjustment of the time in- 
volved in the removal of the stored charge, and as a result the width of the 
memory gate. 

D2004 is a snap-off diode. Snap-off diodes were discussed in Volumes 2 and 6 of 




this series. D2004 is quiescently forward biased and conducting. The conducting 
path is through R2007, R2006, C2006 (a feed-through capacitor), L2005, T2004, 
through the diode to ground. When the blocking oscillator switches, it sends a 
10V pulse through C2010 and T2004, which attempts to reverse bias the snap-off 
diode D2004. A heavy reverse current flows due to the large stored charge in the 
snap-off diode. The current flows in the shorted transmission line indicated as 
a 5.5CM twisted pair. The 5.5CM twisted pair is a 500 shorted transmission line 
serving much the same function as the open ended charge line in the example in 
Figure 140. When the snap-off diode snaps off, the current for the transmission 
line is cut-off in a fraction of a nanosecond. A voltage pulse appears and is 
coupled down the 5.5CM line and also through C1056, C1055, C2056, and C2055 to the 
diode bridge networks. The transit time down and back the 5.5CM twisted pair is 
approximately 0.35 nanoseconds. When the pulse returns, it cancels and this sets 
the width of the pulse at about 0.35 nanoseconds. 

The circuit we are discussing is the sampler in the Tektronix Type 4S1 Dual Trace 
Sampling Vertical. The circuitry involved here takes a very small sample of the 
applied input signal when the sampler is triggered. The signal is applied on one 
side of the diode bridge network of D1044, 01045, 01046, and D1047 if the A trace 
is being used. The input to the A channel is connected to the opposite side of 
the bridge. The diodes are quiescently reverse biased by the network containing 
the A bridge volts adjustment R1067. The input signal cannot affect the input to 
the channel A circuitry unless the diodes in the bridge conduct. The pulse from 
the snap-off diode circuitry is applied to the bridge and overcomes the reverse 
bias on the diodes long enough for the signal to be sampled. The diodes in the 
bridge are special Tektronix, very fast, Gallium Arsenide, matched diodes. The 
signal is sampled, and the memory gate driver signal is applied to allow a memory 
circuit to store the information about this small signal sample. 

BI-STABLE MULTIVIBRATORS : 

To change from the simple astable to a monostable multivibrator, we changed one 
of the RC timing networks to a d-c divider. To make the circuit bi-stable, we 
can replace the remaining RC timing network with a d-c divider and give the circuit 
two stable states. The circuit is typically like that in Figure 1 42 . 
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TRIGGER IN 
FIGURE 142 



The circuit can rest In either of its stable states when first turned on. there- 
fore, if it is desired to have its starting point in a given state, some form of 
reset circuit will have to be used. 

STEERING DIODES : 

The triggering applied to the bi-stable multivibrator is typically accomplished 
as shown in Figure 142 by D, , D,,, R T> and C c . Dj and D 2 are often referred to as 
steering diodes. They "steer" the trigger to its proper point of application. 

When Qj is conducting and Q 2 is cut-off, the anode of Dj is essentially grounded 
by Qj , and the anode of D ) is returned to V cc> Oj is reverse biased by approxi- 
mately V cc , and any applied triggers must be greater in magnitude than V C( . to be 
coupled through Dp The cathode of D 2 under these same conditions, however, is 
returned to the collector voltage of Q 2 , which is very near The anode of D 2 
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is also returned to V cc through R^, and D 2 is biased to accept triggers. A negative 
going trigger of the proper amplitude and shape will be coupled by 0 ^ to the 
collector of 0 2> through C B2 to the base of 0, , and switching will occur. Any 
positive triggers, of course, will only reverse bias 0 2 and will be blocked. 

Once switching has occured and 0 2 is in conduction, the potentials on the steering 
diodes are also switched, and Dj will couple a trigger. The steering diodes 
"steer" the proper polarity trigger to the appropriate point in the circuit to 
accomplish triggering and switching. 



TYPICAL BI-STABLE OR ECCLES JORDAN CIRCUITS : 

The bi-stable multivibrator we have been discussing is also referred to as an 
Eccles Jordan circuit. This bi-stable multivibrator finds many uses, especially 
in counter and logic circuits. 

This bi-stable multi will automatically count down by two if the applied signals 
are within its repetition rate limits and of proper shape and magnitude to trigger 
the multi. Consider 065 and 075 in Figure 143. Positive pulses are applied at 
appropriate times to pin 7. These pulses are coupled through C62 and steering 
diodes D62 and 072 steer the trigger to the proper triggering point in the circuit. 
R67 and R77 are the base resistors, and R77 is returned to +125V through a reset 
circuit. The reset pulse in a positive going pulse superimposed on +125V. It sets 
the multi in its starting or quiescent state. Since 065 and 075 are PNP transis- 
tors, the reset pulse will insure that 075 is off and 065 is on initially. The 
positive reset pulse applied to the base of 0.75 reverse biases 075 to insure that 
it is off. Let's do an approximate analysis of the multi made up of 065 and 075 
in its quiescent state. With 065 in conduction, its base and emitter will be at 
very near the same voltage. Since the emitter is returned directly to +20V, the 
base of Q 65 in Figure 143 is at approximately +20V with respect to ground. If we 
assume Q65 is saturated, its collector is also very near +20V. 

The signal coming in on pin 7 in Figure 143 is applied to three points, through C 2 
to the series of three Eccles Jordan multivibrators through C62 to the multi we 
are presently discussing, and directly to the transistor amplifier 084. Either 
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pin 1, 2, or 10 is grounded to select the path for the signal, and the other two 
pins are open. For instance, if pin 10 is open, 0.74 is biased in cut-off, and the 
pulses must take a different path. However, if pin 10 is grounded, Qj4 is proper- 
ly biased to pass the signal. We will prove this shortly. 

Neglecting the rest of the circuitry for a moment, let's do a Thevenin equivalent 
of the circuitry between Q75 and the base of 074. Figure 144 shows the circuit 
redrawn with components numbered. 



COLLECTOR Q75 R70 BASE 074 




FIGURE 144 



R76 is shown returned to +20V because in the multi's quiescent state, 065 is con- 
ducting. With Q65 in conduction, its emitter and base must be at very near the 
same potential, in this case+20V. Once the circuit is redrawn, approximations 
will give us the desired information. The two 20V supplies essentially cancel 
in Figure 144, and we can approximate the voltage at the base of 074 by neglecting 
the diode D74 for the moment, and solving the voltage divider. Since the two 20V 
supplies cancel, the voltage at the base of Q74 is approximately: 



^074 



(R70 + R75) + 125V 
R70 + R75 + R71 



as 



( 27K + 2.2K) + 125V 
25 K + 2.2K + 100K 



as + 28 . 2 V 



This voltage forward biases D74, since it is returned to+20V; therefore, D74 
clamps the base of Q74 at +20V and no signal is passed. The voltage at the 
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collector of 075 can be approximated by solving the voltage divider: 



_ R75 (125V) 2.2K (125V) 

C075 ~ R75 + R70 + R71 ~ 2.2K + 27K + 100K 



+ 1 -93V 



It is easy to see now that grounding pin 10 places R72 in shunt with R70 and R75 
from the base of 074 to ground. The voltage divider is now this equivalent resis- 
tance of approximately 13. IK and R71 . The voltage at the base of 074 is now 
approximately: 

^BQ7*t 52 H3.1K ( ,25V ) ~ +,if -5V 



D74 is cut-off and Q74 is biased for amplifier action. 



The units counter that the circuit in Figure 143 drives will only respond to posi- 
tive pulses. The first positive pulse applied to the 065, 075 multi will switch 
the multi, and the collector of 075 will swing positive to near +20V. 074 is a 

common emitter configuration and inverts the signal. The second positive pulse 
applied at pin 7 in Figure 143 switches the multi again, and the collector of Q75 
swings less positive (in the negative direction) to its resting state level. This 
negative going pulse is inverted by Q74 and gives a positive output pulse. It 
is evident that it requires two positive input pulses to get one positive output 
pulse. The signal is divided by two. 



In the divide by five operation, pin 2 is grounded and pins 1 and 10 are open. 

Q74 and 084 are cut-off, and the signal is coupled through Q44. The three stages 
of bi-stable multivibrators are arranged so that it requires five input pulses 
before one positive output pulse from 044 is obtained. The fifth input pulse gives 
an output and also feeds back a signal through diodes Dl8 and D38 to reset the 
multis to divide by five again. 

In the divide by one, or straight-through operation, the input pulses are differ- 
entiated by C80 and R80, and applied directly to 084, giving an output pulse for 
each input pulse. 



Bi-stable or Eccles Jordan multivibrators find use in many applications in Tektronix 
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circuitry. The circuit we were just discussing is the 4 1 , 2, 5 circuitry in the 
6R1A Digital Unit. The counters, the heart of the 6R1A unit, are made up of this 
same type of multi . 

Figure 145 shows the Eccles Jordan circuit in a little different application. It 
shows the switching circuit for the output amplifier in the Tektronix Type 82 
vertical plug-in for the 580 series oscilloscopes. This is a dual trace plug-in, 
and the circuits in Figure 145 are used to switch the information from the two 
input amplifiers to the output amplifier at the appropriate time. In the alternate 
and chopped settings of switch SW590, transistors 0.565 and (1575 serve as an 
Eccles Jordan circuit, or bi-stable triggered multivibrator. In the "A only" 
position, R567 is grounded, becoming part of the divider network for the base of 
Q.565. This insures that Q565 has the most positive base and remains in cut-off. 

You can do a Thevenin equivalent if you like. Diode gating circuits are used to 
couple the signals from the input amplifier to the common output amplifier. They 
are D501 through D504 for one channel , and D506 through D509 for the other 
channel. The voltage levels at the collectors of Q565 and Q575 are approximately 
+8V when non-conducting, and approximately +6V when conducting. (You may 
Thevenize if you like). D503, 0504, D508, and D509 are returned to ground through 
approximately 1 .3K of resistance. If we disregard the drops across the diodes a 
moment, we can approximate the voltage at the anode of D501. It is approximately: 

(+1 2.6V) 1.3KA .. 1.3K (-H2.6V) 

1.3KA + R501 2.3 '• 3 

The voltage is approximately the same at the anodes of D501., D502, D506, and D507 as 
well. We can see that the cathodes of D50I and D502 are returned to the collector 
of 0575. When A575 is on, its collector is at +8V, and D501 and D502 are reverse 
biased and cut-off. When Q.575 is off, its collector is at approximately +6V, and 
D501 and D502 are forward biased. This, of course, shunts any signal while re- 
verse biasing D503 and D504. When 0575 is on, signals are coupled through diode 
gates D501 through D504, and diode gate D506 through D509 blocks any signal. D501 , 
etc., couples the A channel; therefore, when R567 is grounded in Figure 145, only 
A channel gets coupled to the output amplifier. Of course, in the "B only" setting 
of switch SW590, just the opposite is true. 

When SW590 is in the alternate or chopped setting in Figure 145, 0565 and Q.575 
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are a bi-stable multivibrator, triggered by the blocking oscillator Q590. Blocking 
oscillator Q.590 operates like the B.O.'s that we have previously discussed, with 
the exception that an emitter follower (1583 is used to set the base bias, rather 
than the simple variable resistors used in previous examples. 0.583 also couples 
triggers to 0590 in the alternate mode of operation. 

Let's examine the alternate mode of operation first. In "A only" and "B only", 
wafer 1R on switch SW509 has +100V applied to the divider circuit in the base of 
0.583 in Figure 145. This sets the base of Q583 at approximately +15V. (You may 
Thevenize if you like.) This means the emitter of 0583 and, therefore, the base 
of Q590 is at approximately +15V, reverse biasing Q590 well into cut-off, and 
making the blocking oscillator inoperative. In the al ternate mode, the applied 
voltage is reduced to +51V on the divider in the base of 0.583, and this results 
in only a small reverse bias applied to Q590, making 0590 triggerable. In the 
alternate mode, the reverse bias is removed from D 585 by wafer 2F of SW509, and 
alternate trace synchronizing pulses are coupled in from the sweep circuit in the 
580 series oscilloscope. 

In alternate trace operation, the information from one channel is applied to the 
vertical as the beam moves across the cathode ray tube once. At the end of one 
trace, the circuit switches and the information from the a 1 ternate channel is 
displayed as the beam moves across the screen. At the end of the second sweep, 
the circuits switch back again, and so forth. The illusion at the faster sweep 
speeds is of two independent traces, both displaying information. At the end of 
the sweep, the circuitry in the 580 series oscilloscope sends a pulse through 
D 585 in Figure 145, which is coupled through the torroid transformer T 580 to the 
base of Q 583 . The signal at the emitter of Q583 triggers the blocking oscillator 
0590, which in turn triggers the multi, 0565 and 0.570 switching the states of 
the diode gates and allowing the alternate channel to display its information on 
the following trace. 

In chopped operation, the switching multi is triggered at a pre-determined rate with 
no regard to the sweep circuitiy in the 580. The reason is obvious, since at 
slow sweep speeds, the alternate trace illusion is lost, and the ability to com- 
pare two signals at once on the cathode ray tube is hampered, if not made im- 
possible in the alternate mode. In the chopped mode, the circuit is switched at 
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either a lOOKc or 1MC rate. In the chopped mode, the blocking oscillator is not 
reverse biased and, therefore, becomes free-running or self triggered. This is 
done by returning the divider in the base of 0583 to ground, rather than to a 
positive voltage. The base recovery time of 0540 is controlled to govern the 
repetition or chopping rate. C 58 O and its associated resistance play a role in 
controlling the base recovery of 0590. To change from 1MC to a lOOKc chopping 
rate, more resistance is added in the circuit by switch SW 585 , increasing the 
base recovery time and reducing the repetition rate. 

The circuit in Figure 146 is similar to that in Figure 145. Diode gates are used 
to pass the signals, and an Eccles Jordan bi-stable multivibrator drives the 
diode gates. Rather than a blocking oscillator, the bi-stable multi is driven 
by a four-layer diode circuit. D 385 and 0386 are four-layer diodes, and this type 
of diode was discussed in Volumes 2 and 6. 

In the al ternate mode of operation (determined by switch SW360) , the four-layer 
diode circuit is made operative. The four-layer diodes in series require 100V 
across the series pair to switch. Quiescently in alternate operation, Q394 is 
off, and the diodes are biased by the +125V supply and the divider made up of 
R 385 , R384, R395, and R 387 . Figure 147 illustrates this. 

+ 125 
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The initial voltage across the diodes can be found by solving the voltage divider. 
The voltage at the top of R 387 is (note: 0394 non-conducting) approximately: 



R387 (+125V) 

(turnip «87 



20K 125V 
38. 5K 



+65V 



This only leaves approximately +60V across the diodes, and they are in their low 
state. The circuit is mono-stable and must be triggered. The alternate synchro- 
nizing pulses are coupled to the base of 0394 and turns 0.39^+ on to saturation. 

This places R394 in parallel with R387, and reduces the equivalent resistance 
(and as a result the voltage) to approximately one-tenth of the +65V, which allows 
a voltage greater than the four-layer diode switching voltage to be applied. C 385 
charges to the diode switching voltage, the diodes switch, and C 385 discharges. 
0394 returns to its off state and, when C 385 has discharged sufficiently, the 
diodes switch back to their off state. The output pulse, when the diodes switch 
to their high state, trigger the bi-stable multi and the channels switch. 



For chopped operation, R388 returned to a -12.2V supply is switched into the cir- 
cuit in Figure 146. When the unit is first turned on, C 385 starts charging. When 
the charge on C 385 reaches a voltage at which the switching voltage on the four- 
layer diode is exceeded, the diodes switch, and C 385 starts discharging. When 
C385 has discharged sufficiently, the diodes switch to their low state, and C 385 
starts charging again. This action continues, and the circuit free-runs at a 
30 - 50kc rate, which establishes the chopped rate. 



TRIGGER CIRCUITS : 

In earlier instruments, the trigger circuits used a large number of Schmitt cir- 
cuits. These are covered in "Typical Oscilloscope Circuitry". The advent of 
tunnel diodes with their fast switching characteristics and fast switching tran- 
sistors has all but replaced the schmitt trigger in the newer instruments that 
require high frequency triggering. Figure 148 illustrates a trigger circuit 
using the tunnel diode and switching transistors. The signal to be triggered on 
is fed through the slope switch to the base of either 0.24 or 034, depending on 
the setting of the slope switch. The slope switch allows triggering on either 
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the positive or negative going portion of the triggering waveform. 

The sweep trigger must be able to generate a shaped waveform when the input reaches 
a selected level. The shaped waveform must be capable of triggering the sweep 
generator circuitry. Q24 and Q34 in Figure 148 are a comparator type configuration. 
The triggering level is established on the base of the transistor other than the 
one receiving the triggering information, by the emitter follower Q23. When the 
triggering signal overcomes the level set on the opposite transistors base, the 
increase in conduction in Q34 increases the tunnel diode D35 current enough that 
D35 switches to its high state. The resulting pulse is amplified by Q44 and 
coupled through T101 to the sweep generator. This pulse is used to trigger the 
sweep generator and start the beam across the face of the cathode ray tube. 



SWITCHING IN THE SWEEP GENERATOR: 



The object of a sweep generator is to generate a very linear voltage ramp when a 
trigger is received from the trigger circuit. The generator circuits also 
typically generate signals to unblank the cathode ray tube and block triggering 
information until the sweep voltage has been generated and the circuit is com- 
pletely recovered and ready to generate another ramp. Figure 150 is the sweep 
generator in the Tektronix Type 422 portable oscilloscope. Figure 149 is a block 
diagram of the circuitry in Figure 150. You will find Figure 150 as a pull-out 
schematic at the back of this book. 

A switch provides for changing the values of C T and R^, the timing components in 
Figure 149, which changes the slope of the voltage ramp and, as a result, the time 
per centimeter of the instrument. 

Referring to the block diagram in Figure 149, the overall operation will be con- 
sidered first and then the switching investigated. The input to the sweep gener- 
ator is a 15 nanosecond wide, 2 to 3ma current pulse generated by the sweep 
trigger circuits. The outputs are a 32V, positive going voltage ramp that runs 
from +3V to +35V, a negative going 600mv gate out waveform with a width as long as 
the duration of the sweep, and a negative going 5ma current waveform. Before a 
sweep is started, the sweep output is clamped at +3V by the start locating circuit 
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of D430 and Q434. 




TYPE 422 SWEEP GENERATOR 
BLOCK DIAGRAM 



FIGURE 149 



B-422-0028 
2-15-65 ms 



In the sweep gating block D405, a tunnel diode is in its low state. A trigger in- 
put switches the tunnel diode to its high state, and the positive step voltage 
generated by the tunnel diode is amplified, inverted, and applied as a negative 
going step to the anode of D439. 0439 is referred to as a disconnect diode. 

Initially, D439 conducts, but the negative step cuts off or disconnects 0439, and 
the Miller Integrator starts to generate a sweep. (Miller Integrators are covered 
in "Typical Oscilloscope Circuitry".) 



The sweep output is fed on to the horizontal amplifier in the oscilloscope, and 
also fed to the sweep terminating amplifier. When the sweep reaches +35V, the 
sweep terminating amplifier takes part of the tunnel diode (D405) current, and 
the tunnel diode switches back to its low state. During the entire sweep and 
retrace plus an additional 5psec, a lockout pulse is fed back to the sweep gating 
circuit to prevent the arrival of triggers. A new sweep cannot start until 5^sec 
after the end of the fall of the sweep ramp. 
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The block marked free run indicates that there are provisions to allow the sweep 
to re-occur without a trigger. When the trigger level control in the sweep 
trigger of the Type 422 is turned fully clockwise, triggers re-occur and the 
circuit free runs. 

Let's examine Figure 150. Figure 150 pulls out and is at the back of the book. 

We have already stated that the sweep gating circuits develop a negative going 
step that disconnects the diode D439, and allows the sweep to start. We will 
deal with a qualitative analysis, stating values, and you may apply your analysis 
skills in justifying these. 

Prior to a sweep, D405, a 2.2ma peak current tunnel diode, is conducting 1.3ma 
through the sweep terminating amplifier and about 0.4ma through diode D401. This 
establishes the tunnel diode current at about 0.5ma below its peak point current, 
and Q414 (a silicon transistor) is cut off. Q424 is conducting with its collector 
near ground. 0439 is conducting; Q434 and D430 are conducting holding the output 
at about +3V. Q434 collector voltage is held at about 0.5V by diodes D435 and 

D436. The trigger lockout circuit 0401 anode is at about 500mv (through T401 
secondary) . 

The incoming trigger current pulse is formed in T401 and pulls the tunnel diode 
above its peak current. 0405 anode voltage increases to about 500mv, and Q4l4 
saturates. The quiescent current of 1.3ma in the sweep terminating circuit holds 
the tunnel diode in its high state. When Q414 saturates, its collector drops from 
about 4V to ground. This negative going step is coupled through D4l8, and dis- 
connects D439 and the sweep starts to run up. The negative step also cuts off 
Q424, and its collector starts toward -12V, but D438 (a silicon diode) clamps the 
collector at about -1.6V. D439 having been cut-off by the initial negative step, 

is now held cut-off with its anode at — 1 . 6V . 

Q424 emitter drops to about 3V and its base is set solidly at 3.5V by the voltage 
regulator transistor Q429. 

The emitter of Q434 also drops to 3V , and both Q434 and 0430 cut-off. The collector 
of Q434, which was at about 0.5V, starts toward -12V, and 0435 and D436 cut-off. 

This drop cuts off 0401, and triggers cannot pass. This is the trigger lock-out 




function. 



The Miller Integrator ramp runs up, and the output is fed back to the sweep ter- 
minating amplifier. The Miller Integrator is made up of a nuvistor, a transistor, 
and two diodes, and is similar to the Miller Integrator discussed in "Typical 
Oscilloscope Circuitry", except that the Miller amplifier is a transistor rather 
than a vacuum tube. The nuvistor V443 is used to keep leakage current from the 
transistor out of the timing network. The nuvistor has a leakage current of only 
about 2-3 nanoamps . The disconnect diode D439 is a low leakage diode that has 
about 5 nanoamps leakage at IV. C440 and R440 are the timing components, and are 
switched in to provide sixteen timing ranges. 

Before a sweep starts, the grid of V443 is at -800mv, established by the regulator 
transistor 0.429 in the sweep gating circuit, through D439- The same transistor 
sets the output point (collector of 0441) at 3V through 0430. 

The current path for 0439 before the start of a sweep is from -80V through R440, 
R442, D439, and through 0424. 

The current path for 0430 before the start of a sweep is from ground, through 
Q441, D430, and R433 and 0434. 

When the sweep gating circuit drops the anode of D439 to -1.6V, D439 disconnects 
or cuts off. Current through R440, the timing resistor that was flowing through 
D439, is now diverted to the timing capacitor C440, and the timing capacitor starts 
to charge. The grid of V443 starts to move toward -8 1 V , and its cathode follows, 
driving the base of 0441 . The voltage change applied to the base of Q.441 is 
amplified and inverted at the collector. Q441 offers a gain of approximately 
500 to 1000; therefore, the base need only move from 50 to lOOmv for the collector 
to move through its entire voltage excursion. 

The amplified and inverted (positive going ramp) is applied to the top of the 
timing capacitor, which opposes the change at the grid of V 443. Since the voltage 
across the timing resistor R440 remains virtually constant, the current through 
the timing resistor and, therefore, the current into the timing capacitor, remains 
virtually constant. A constant charging current, of course, results in a linear 




ramp voltage. 



Prior to the sweep and during the sweep, R464 returned to +12V has been supplying 
about 1 .3ma of current for the sweep gating tunnel diode D405. Transistor Q464 
is off, and tunnel diode D455 is in its low state. As the sweep reaches its 
maximum desired level, D455 is pulled up until it switches to its high state, 
saturating Q464. Q464 shunts D405, pulls the bottom of R464 near ground, and 
D405 switches back to its low state. Q.4 1 4 cuts off and D439 conducts, establishing 
the grid of V433 back at -800mv. Q44l conducts heavily, pulling its collector 
back down to 3 V as rapidly as C440 can discharge. The discharge path for C44l is 
through R442, D439t Q424 (which is back on) to the 12V supply, to ground, and up 
through Q44l. This is the retrace period. 

As retrace starts, less and less current is pulled through D455 until, at the end 
of retrace, D455 switches back to its low state. Q.464 turns off, and 1.3ma is 
once again supplied to D405. This makes D405 triggerable again, and it waits for 
a trigger. D401 is still cut-off, however, and triggers cannot reach D405. When 
retrace has dropped D430 cathode to about 3V, D430 conducts and once again 
establishes the sweep starting point at 3V. As D430 conducts, Q434 turns on. The 
collector of Q434 can only rise as fast as C401 can charge. It takes C401 about 
5psec to charge and bring D401 back into conduction; therefore, there will be 
about a 5psec delay after retrace before triggers can reach D405 again. This is 
part of the hold-off time. When the collector of Q434 reaches about 500mv, D435 
and D436 conduct and clamp the hold-off bus at this level. 

The cathode ray tube has the electron beam turned off when there is no sweep. The 
sweep generator also puts out a waveform that turns on or unblanks the cathode ray 
tube. When there is no sweep, the collector of Q4l4 is about +4 V with respect to 
ground. When a sweep is triggered, the collector of Q4l4 drops to near ground. 

At the end of the sweep, the collector of Q4l4 returns to near 4V. The positive 
going excursion at the end of the sweep is the alternate sweep or synchronizing 
pulse that we used to trigger multivibrators with earlier in this volume. 

The levels at the collector of Q4l4 are applied to emitter follower Q473 and, when 
the collector of Q4l4 is at +4V, the cathode ray tube is blanked. When it is 
near ground, the cathode ray tube is unblanked. 
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My thanks to Chuck Miller for use of some of his Type 422 notes. 

We have discussed some methods of approaching the analysis and perhaps the design 
of semiconductor ampl if ier and switching configurations. The individual should, 
and generally does, develop his own methods and approaches. 

Any comments and constructive feedback on this series will be appreciated. 

Jerry F. Foster 
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REGISTERED JEDEC TRANSISTOR TYPES 

For Explanation of Abbreviations, See Page 642. 
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SW3SS 
(FREE RUN) - 



TYPE 422 OSCILLOSCOPE 



+ 55V 



-IZV 

(DEC) 



SEE PARTS LIST FOR 
SEMICONDUCTOR TYPES 



- SAWTOOTH OUT 
TORSI. ^ 




ALTERNATE 
SWEEP PULSE 
TO R26I ^ 



UNBLANKING PULSE 
TO EMU TER. QOC.4- 
THRU RBfeG^ 



SWEEP GENERATOR <6> 



